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ABSTRACT
Inline with the focus of our research, my goal for this dissertation study is to further
explore new classes of magnetic insulators exhibiting novel properties. The scope of this
work is twofold: 1) the exploratory synthesis of polyanion-based mixed-framework
compounds containing transition metal oxide magnetic nanostructures, and 2) the
investigation of the structure/property correlation with respect to the spin couplings in
confined lattices. These studies are of fundamental and technological importance
regarding the long-term development of low-dimensional magnetic solids for device
applications in especially information storage and quantum computing. Several
interesting and significant transition metal based silicate, phosphate arsenate and
vanadate compounds with structural frameworks featuring low-dimensional layers,
chains, and oligomers were synthesized. Their synthesis and characterizations are
outlined in this dissertation in the order of the size of the magnetic nanostructures
following the introduction (Chapter 1) and experimental (Chapter 2) sections.
The first project, as illustrated in Chapter 3, was undertaken for the attempted
synthesis of the solid-solution series Cs2-xRbxCu3P4O14 (x = 0, 0.33, 0.50, 0.80). The
primary focus of this study is on the size effect of monovalent cation to the bulk magnetic
properties.
The second project was the exploratory synthesis of “nanostructured” manganese
oxide materials. In this project, new manganese-based phosphates and arsenate systems
have been explored. We were able to isolate several new and interesting compounds
displaying interesting structures and properties. (Cs3Cl)Mn4O4(AsO4)3 (Chapter 4)
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contains structurally isolated Mn4O4 cubanes residing in each of the anti-ReO3 type
(Cs3Cl) cages. The field dependent magnetic studies show superparamagnetic type
behavior similarly found in magnetic nanoparticals. A new manganese phosphate
compound, BaRb3KMn6(PO4)6, adopting a new structure type reveals a novel “bangle”like magnetic nanostructure unit (Chapter 5). Also, a new manganese(III) phosphate
compound, Ba2Mn3O2(PO4)3, exhibits structurally isolated nanowire (Chapter 6). This
compound presents once again the utilities of closed-shell, nonmagnetic oxyanions for
synthesizing structurally isolated and electronically insulated magnetic nanostructures.
This study also allows us to further understand the issues concerning low-dimensional
magnetic structures in extended solids, magnetic anisotropy, coherent length for magnetic
coupling, and their relationships with quantum tunneling of magnetization, a wellrecognized phenomenon in single molecule magnets (SMMs). The mixed-valance
manganese(II,III) systems, such as Na3Mn7(AsO4)6, KNaMn3(AsO4)3 (Chapter 7), µ3oxo Ba2CsRbMn7O2(AsO4)6 and µ4-oxo CsMn3O(AsO4)2 (Chapter 8), presents the
complexity of spin interactions in compounds containing two-dimensional Mn-O lattices
thus magnetic anomalies.
The third project (Chapter 9) deals with a new series of fresnoite-type solids;
Ba2Mn(Mn1.4Si0.6O7)Cl, Rb2MnV2O7Cl and Cs2MnV2O7Cl, where noncentrosymmetric
lattices and ferromagnetic properties are evident. This discovery offers opportunities for
the search of new “multiferroic” materials for device miniaturization.
In summary, the man body of this dissertation reports the exploratory synthesis,
structural characterization, and physical properties studies of selected chemical systems

iii

that contain magnetic nanostructures. The Appendix summarizes remaining new
compounds discovered in this study that exhibit equally interesting features.
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CHAPTER 1
INTRODUCTION
Solid-state chemistry deals with the synthesis, structural characterization and
properties of solids, and it has been playing an integral role in the design and preparation
of advanced materials. Solid-state chemistry includes the studies of molecular or nonmolecular solids. The structures of molecular solids composed of individual molecules,
which are held to one another by relatively weak intermolecular forces such as hydrogen
bonds, dispersion forces, and other dipolar forces where the molecules stack together in a
pattern that minimizes their total energy. Examples of such solids include ice, where
hydrogen bonding is of paramount importance. Non-molecular solids on the other hand
have a unique arrangement of atoms or ions repeating periodically. For instance in
diamond, the atoms are held together by purely covalent forces whereas in NaCl those are
held together by ionic forces. When atoms combine to form a solid, it is the attraction
between the positive ion cores and the valence electrons, which holds the material
together. The different forms of bonding are largely responsible for unique properties and
in turn variety of applications in these materials.1
Since solid-state chemistry involves as an integral role in the development of
materials exhibiting broad range of structures and physical and chemical properties, in
addition to new materials in device applications, solid-state chemistry has been rapidly
growing along different areas. The research directions in solid-state chemistry are closely
aligned with solid-state physics, material science engineering and solid-state sciences in

order to acquire the understanding of fundamental parameters that are essential for the
continued advances in technology, especially in studying the solids of immense
technological importance. In order to achieve continuous advances in technologies,
synthesis is the bedrock since it generates the objects for any further studies. After all,
this further reenforces the fact that if no attempt is made to prepare new compounds, no
new properties will be found. While the discovery of new materials is important for next
generation devices, many known materials may have remained untested therefore it is
equally important to study the existing solids upon the advance of new knowledge.
It is intriguing to notice that the different synthetic routes often lead to different
properties of the final material. This background has motivated scientists and engineers to
develop new techniques for synthesis and subsequent processing to achieve materials
with desirable properties in order to fulfill today’s needs. The most widely used synthetic
strategies of solid-state materials can be either exploratory or by design. However, the
solid-state chemist faces some challenges, since it is difficult that one can predict the
composition and structure of final product. Add to that the understanding of the reaction
mechanism that offers insight into the synthesis of other new solid-state materials is still
lacking. Therefore exploratory synthesis has drawn remarkable attention since it has been
proven valuable in new materials discovery. It often gives rise to new solids that one has
never imagined. This phenomenon has been thoroughly emphasized by Dr. John D.
Corbett. According to him “synthetic discoveries that have led to landmark advances in
sold state science have been made through exploratory synthesis rather than design.”
The wonder and excitement of the unprecedented and unimaginable discovery also makes
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the research enjoyable, even exhilarating, and worthwhile.2 Therefore exploratory studies
are essential for the advancement of the materials sciences and for the discovery of new
materials.
Numerous groundbreaking discoveries have been made by employing exploratory
synthetic methods, which have stimulated the research that paved the way for widespread
development of new technology. The Dutch physicist, Heike Kammerlingh Onnes, first
discovered superconductivity in 1911, and in his time superconductors were simple
metals like mercury, lead and bismuth. During the next 75 years, great advances were
made in the understanding of how superconductors worked. Over that time, various
alloys were found that were superconductors at somewhat higher temperatures but none
of these alloy superconductors worked at temperatures much more than 23 K so that
liquid helium remained the only convenient source that could be employed with these
superconductors. In 1986, Bednorz and Müller discovered perovskite-like cuprates were
superconducting at a temperature of about 35 K.3 As a result of this breakthrough,
scientists began to examine the various perovskite-type compounds thoroughly. In 1987,
global interest in exploratory synthesis led to discovery of the so-called triple-perovskite
material, YBa2Cu3O7-δ, that was superconducting at Tc = 90 K.4 This was especially
technologically significant because now it became possible to use liquid nitrogen as the
coolant. Since these materials superconduct at a significantly higher temperature, they are
called high-temperature superconductors. The search for new superconducting materials
with higher transition temperature has resulted in new compounds. Record high Tc of 164
K is held by HgBa2Cam-1CumO2m+2+δ ( m = 1, 2, and 3).5
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Technologically,

considerable

progress

has

already

been

made

towards

implementation of superconductors where wires based on YBa2Cu3O7 have been
developed and successfully commercialized. A low temperature superconducting wire
made up of niobium-titanium alloy has been manufactured.6 Direct synthesis is employed
targeting specific properties of materials and the optimizing the desired properties. Both
approaches continue to be important and have prompted extended excitement in material
sciences.
Transition metal oxides (TM-oxide) exhibit a rich collection of interesting and
intriguing properties, which can be tailored for a wide variety of applications.7 The
oxides of the 3d transition metals (TM) show a rich variety of electronic properties,
ranging from insulating to metallic or even superconducting behavior.8 The same applies
to their magnetic properties, where their magnetic behavior includes examples of Pauli
paramagnetism to local moment behavior including the occurrence of ferromagnetism
and antiferromagnetism. Additionally, these materials can often be tuned from one
electronic or magnetic phase to another by varying the temperature, pressure, or doping.
Therefore, the TM oxides have for a long time been subjected to intensive experimental
and theoretical studies with the aim of finding a unifying description of their properties.
In metal oxides, the oxide anions form a close-packed array, where the cation is
distributed in the center of tetrahedral or octahedral interstitial sites. In an octahedral
complex, for the sack of discussing energy splitting diagram, six ligands are placed
symmetrically along the x-, y-, and z-axes in three-dimensional space, with the metal at
the origin. As shown in Figure 1.1, there are two d-orbitals that point directly along
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Cartesian axes: the dz2 orbital, which points along the z-axis, and the dx2-y2 orbital, which
has lobes on both the x- and y-axes. The interaction of six ligands with the dz2 and the
dx2-y2 orbitals raises the energy of these two d-orbitals due to electron-electron repulsive
interactions in σ bonds. Moreover, the energy of these two orbitals is increased by the
same amount, so the dz2 and the dx2-y2 orbitals are degenerate. In the nomenclature of
crystal field theory, these orbitals are called the eg orbitals. The other three d-orbitals, the
dxy, dzx, and dyz orbitals, which all have lobes in between the Cartesian axes, are repelled
less by the ligand electrons and are in fact stabilized to a lower energy. The dxy, dxz, and
dyz orbitals are also degenerate; collectively, they are called the t2g orbitals by symmetry.9
Similar logic can be used to explain the crystal field splitting of the d-orbitals in a fourcoordinate, tetrahedral complex. The number of d-electrons in the central transition metal
determines whether a four-coordinate transition metal complex is tetrahedral or square
planar. For instance if the metal has eight d-electrons, as in the case of Pt2+, it is
energetically advantageous for the complex to adopt a square planar geometry. In this
case, the eight d-electrons will achieve some stabilization in energy by occupying the dxz,
dyz, dz2, and dxy orbitals. The elimination of two apical ligands in an octahedron gives a
square planar coordination that occurs in several metal oxide frameworks.
In metal oxide frameworks, the metal-centered MO6 oxide octahedra are connected to
each other by sharing vertices, edges and faces10 as shown in Figure 1.2. Figure 1.2b
shows two fused octahedra sharing a common edge made of two oxygen atoms. The
distance between the adjacent cations is shorter than that in fused octahedral sharing
vertex oxygen (Fig. 1.2a). Therefore, the interaction between the positively charged
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Figure 1.1 A schematic view of the splitting of the five d orbitals in an octahedral
field. The transition metal is located at the center of the oxygen octahedra.
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cations in the former is stronger. The face-sharing octahedra hardly occur since the cation
centers are close to each other and Coulomb repulsion between these two positive
charges is relatively large due to short distance.11 When the face-sharing does occur, it
gives an indication of possible M-M bond formation. For instance, the structure of
BaMnO3 consists of face-sharing octahedra as opposed to that of SrMnO3 in which the
MnO6 octahedra share vertex and face oxygen atoms. While the distance between the
manganese centers in two corner-sharing polyhedra in SrMnO3 is 3.78 Å, the Mn-Mn
distance over the common face is as short as 2.50 Å and hence comparable to the Mn-Mn
distance in metallic manganese (2.47 Å). In BaMnO3, the distance between these
manganese atoms is even shorter (2.41 Å). The formation of the Mn-Mn bond contributes
to the overall energy to offset the electrostatic repulsion between the manganese atoms in
face-sharing octahedra.12
The transition metal oxides often exhibit interesting electronic properties due to their
incompletely-filled d orbitals and the extent of orbital overlap with the surrounding
anions. When transition metal oxides have relatively shorter interionic distances, it may
not only permit extended overlap of neighboring cation orbitals but also favor overlap
between the orbitals of the anions.13 When the orbitals overlap through direct metal-metal
contacts, as demonstrated in the cases of AMnO3 (A = Sr, Ba) mentioned above, the
oxides become metallic, as found for early transition metal monoxides.14 A classical
example of such is given by transition metal monoxide of first-row elements MO, which
adopts the NaCl-type structure that exhibits both vertex and edge sharing of MO6
octahedra (Fig. 1.3). The metallic conductivity of TiO, for instance, is arisen from the
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(a)

(b)

(c)

Figure 1.2 The octahedral condensation in three possible situations: (a) vertex-sharing,
(b) edge-sharing and (c) face sharing.
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overlap of the t2g orbitals of the adjacent titanium cations in edge-shared octahedra to
form a broad t2g band, as shown in Figures 1.3b,d. This band is partially filled due to the
partially filled t2g orbitals, i.e., d2 ≡ t2g2eg0. Under the influence of an external electric
field, electron delocalization is possible due to the presence of empty orbitals of the
valence band thus the electrical conductivity. NiO, however, shows remarkably different
conductivity characteristics due to no overlap between the d orbitals of adjacent Ni2+
cations. NiO has partially filled eg orbitals (d8 ≡ t2g6eg2) point directly towards the oxide
ions as shown in Figure 1.3c. However, due to intervening oxide anions, eg orbitals of
adjacent Ni2+ cations cannot overlap, and consequently both eg and t2g electrons remain
localized (Fig. 1.3e) and insulating property. It should also be pointed out, as the nuclear
charge increases across the first-row transition metal series, contraction of the orbitals on
to the cation sites occurs so that the overlap of t2g orbitals is conceivably reduced.15
The degree of orbital overlap in a d band is determined by factors such as formal
charge of the cation, size and electronic structure of the cation in the transition metal
series (early vs. late, first row vs. second or third), and the relative electronegativity of
the associated anions.1 In low-dimensional transition-metal oxides, it is important to
know how the metal d orbitals interact directly or indirectly through the p orbitals of the
bridging oxygen atoms. For a regular metal oxide octahedron, between the metal and
oxygen, the t2g-levels have dπ-pπ antibonding characters while the eg-levels have σ-type
antibonding interactions.14a In cuprate superconductors, both metal d and oxygen p
orbitals contribute substantially to the partially filled d-block band such that metal ions
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(a)

Oxygen
Transition metal
(b)

(c)

(d)

(e)

Figure 1.3 (a) The rock-salt structure adopted by transition-metal oxides. (b) Overlap of
t2g orbitals of Ti2+ ions in TiO forming a t2g band. Oxide aions are omitted for the clarity.
(c) Partial structure of NiO, showing intervening oxide ions preventing dx2-y2 orbitals
from overlapping with each other. (d) Schematic energy levels showing partially filled
t2g bands in TiO. (e) Schematic energy levels showing discrete d levels in NiO.
10

interact through the copper-oxygen-copper pathways.16 Metal-oxygen-metal interactions,
in general, are also important for magnetic coupling, which is likely induced via a
commonly known superexchange mechanism.17 For instance, in the above mentioned
NiO solid the eg orbitals are partially occupied and, because of the overlap of eg orbitals
with p orbitals of neighboring oxygens, the electrons are antiferromagnetic coupled. For
the oxides of heavier transition metals, such as those of 2nd and 3rd rows, interesting
electronic and magnetic properties are lacking partially because of their low-spin electron
configurations.
Scientists were encouraged to hunt for new materials with useful properties in recent
years, and these include materials of contemporary interest such as thermoelectric
materials and magnetoelectric materials. Thermoelectric materials, for instance, can
directly convert heat into electric energy through thermoelectric power. Thermoelectric
materials can be used for either cooling or power generation. If significantly improved
thermoelectric materials can be developed, thermoelectric devices may replace traditional
cooling systems that involve moving parts such as in refrigeration systems. They could
also make power generators in cars or possibly be used to convert huge amounts of
industrial waste heat into electricity. Since this process is carried out only in materials,
the power generating module employing these materials could avoid moving parts, thus
has high reliability and durability. In addition, thermoelectric device is environmentally
friendly since it does not produce waste matter, such as toxic fumes.18
Thermoelectricity is a cooperative effect governed by a set of physics principles that
compete with each other. The efficiency of thermoelectric materials is indexed by the
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dimensionless figure of merit, ZT (= TS2/ρκ), where S is the Seebeck coefficient, ρ is the
electrical resistivity, κ is the thermal conductivity and T is the temperature. While a large
magnitude of ZT (>1) indicates high efficiency, thermal power (S2/ρκ) ultimately defines
the practical applications of the material,19 To be an effective thermoelectric material, a
compound must possess a large Seebeck coefficient (high concentration of charge
carriers), a low resistivity, and a low thermal conductivity. The last component consists
of the contributions from both electrons and lattice of the solid. A good electrical
conductor often gives rise to a large thermal conductivity, in turn a good thermal
conductor. Therefore, understanding the principles govern lattice dimensionality,
electronic band structures, and phonon (lattice) interactions are the keys to the success of
finding a good thermoelectric material.
Small band gap semiconductors have the best combination of electronic
characteristics to be a thermoelectric material. Bi2Te320 is a narrow-bandgap
semiconductor (Eg = 0.15 eV), but it is known for its limited applications as a lowtemperature thermoelectric material. This is because they are easily decomposed or
oxidized at high temperatures under an oxidizing atmosphere.21 While many transitionmetal oxides are harmless and stable at high temperatures, they are mostly insulators if
not metallic conductors. Thus far, oxides have been regarded as unsuitable for
thermoelectric applications because of their poor mobility with respect to charge carriers.
But in 1997, Terasaki et al. found that a single crystal of the layered cobalt oxide,
NaCo2O4 exhibiting high thermoelectric performance.22 It should be noted that NaCo2O4
is a very old material that was first discovered in 1970,23 and its thermopower was not
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identified until 1980.24 This has renewed the interest in exploratory synthesis of new
oxide materials that possess superior performance characteristics compared to presently
used thermoelectric materials. Figure 1.4 shows the layered structure of NaCo2O4. It is
made of stacked slabs of edge-shared CoO6 octahedra with Na+ cations randomly residing
in the space between the slabs with respect to the octahedral sites. The CoO6 octahedra
contain cobalt cations with a mixed-valence between 3+ and 4+. The cobalt oxide slab is
responsible for the electric conduction mechanism,25 whereas the Na layer works only as
a charge reservoir to stabilize the crystal structure. The most important feature is that the
Na ions randomly occupy 50% of the regular interstial sites. The Na layer is highly
disordered like an amorphous solid, and it looks like a glass for the in-plane phonons.
Thus, significant reduction of the thermal conductivity is likely to occur in the sandwich
structure made of the crystalline metallic layers and the amorphous insulating layers.26
Meanwhile, it has been suggested that the main contribution to the electrical conductivity
is from partially filled lower Co d levels.27
Magnetism and ferroelectricity are essential to many forms of current technology.
The technological advancements in both magnetic materials and ferroelectric materials
have spawned an interest in magnetoelectrics where magnetic and electric polarizations
are strongly coupled. Ferromagnetic materials undergo a transition from high-temperature
where no macroscopic magnetic moment to low temperature where a spontaneous
magnetization occurs with or without having an applied magnetic field. The macroscopic
magnetization (M) of ferromagnetic materials is a result of the magnetic dipole moments
lining up in the same direction (see different spin behaviors associated with para-, ferro-,
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antiferro- and ferrimagnetisms, as well as a typical hysteresis loop, in Figure 1.5). In
ferromagnets, materials may lack macroscopic magnetization due to the presence of
domains of magnetization oriented in different directions. Upon subsequent application
of a magnetic field (H), a hysteresis in the magnetization results as shown in Figure 1.5e.
Weiss postulated that an internal molecular field act in ferromagnetic materials for
magnetic moments to be aligned parallel to each other28 and now it is understood that
exchange energy causes electrons with parallel spins to have a lower energy than
electrons with antiparallel spins.
Ferroelectricity is a physical property of a material that functions similarly to a
ferromagnetic material in that it can be polarized into two states. The prefix "ferro",
meaning iron, was used to describe the property despite the fact that most ferroelectric
materials do not have iron in their lattice. Most materials are polarized linearly with
external electric field; nonlinearities are insignificant. This is called dielectric
polarization. Some materials, known as paraelectric materials, demonstrate nonlinear
polarization. The electric permittivity, corresponding to the slope of the polarization
curve, is thereby a function of the applied electric field. Ferroelectric materials are also
nonlinear and demonstrate a spontaneous polarization. Typically, materials demonstrate
ferroelectricity only below a certain phase transition temperature, called the Curie
temperature, Tc, and are paraelectric above this temperature. The ploarization direction
can be switched by an applied field. Many properties of ferroelectric materials are
analogous to those of ferromagnetic materials, but with the electric polarization, P,
corresponding to the magnetization, M; the electric field, E ,corresponding to the
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magnetic field, H. Ferroelectric materials also have domains and exhibit hysteretic
response of polarization in the presence of an applied electric filed.
Relevant to the discussion in the dissertation research, magnetoelectrics are also
intimately related to “multiferroics”, in which two or all three of the properties,
ferroelectricity, ferromagnetism, and ferroelasticity occur in the same phase.29 In
particular, “multiferroic magnetoelectrics” represent the materials that are simultaneously
ferromagnetic and ferroelectric, with or without ferroelasticity. Therefore, they exhibit a
spontaneous magnetic polarization that may be switched with electric field, and
spontaneous electric polarization that may be switched with magnetic field. Such
materials have all the potential applications of both their parent ferroelectric and
ferromagnetic materials. Other applications include multiple state memory elements, in
which data is stored both in the electric and the magnetic polarization, allowing the
writing of a ferroelectric data bit and the reading of the magnetic field generated by
association. Unfortunately, materials with simultaneous ferroelectric and magnetic
ordering are rare.
The magnetoelectric effect has been widely studied in transition metal oxides adopt
perovskite structure, ABO3, which has the prototypical cubic structure. It is known that
most of the classical ferroelectrics such as BaTiO3 (Figure 1.6) belongs to this class. The
primary requirement to have ferroelectricity is a structural distortion from the
prototypical high-symmetry phase that removes the center of symmetry and allows an
electric polorization. In BaTiO3 the spontaneous polarization is achieved by the off center
distortion of the small transition metal cation which is at the center of the octahedron of
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Figure 1.4 Perspective view of the structure of NaCo2O4 along b-axis.
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(a)

(b)

(c)

(d)

(e)

Figure 1.5 Ordering of the magnetic dipoles in magnetic materials: (a) Paramagnetic
behavior (b) Ferromagnetic behavior (c) Antiferromagnetic behavior (d) Ferrimagnetic
behavior (darker arrows represent larger moment) (e) Hysteresis loop for a ferro- or
ferrimagnet.
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Figure 1.6 The cubic perovskite structure. The transition metal is at the center of an
octahedron of oxygens. The alkaline earth metal cations occupy the corners of the unit
cell.

18

oxygens. All conventional ferroelectric perovskites containing transition metal (TM) ions
have their transition metal ions with the formal configuration of d0, meaning that they
have empty d-shell. The off-center shift of the Ti4+ ions provides the main driving force
for ferroelectricity and the Ti4+ ions with the empty d-shell play an important role in
building strong covalency with the surrounding oxygen atoms. The overall structure may
be favorable to shift Ti4+ ions from the centre of O6 octahedron towards one or three
oxygens to form a strong Ti-O covalent bond at the expense of weakening the bonds with
others.30 Here the displacement in any direction causes an energy lowering rehybridization as the oxygen ions transfer charge into the empty d orbitals of titanium
ions. In multiferroic materials, ferromagnetic and ferroelectric ordering may occur
simultaneously so that one can expect the coupling between the magnetic and
ferroelectric properties as well as their control by the application of magnetic and/or
electric field. However such multiferroics are rarely encountered since most of the
ferroelectric oxides consist of transition metal ions with d0 state, whereas most
ferromagnetic oxides, like oxides in general, contain the center of symmetry and do not
allow an electric polarization.
BiMnO3 is one of the rare examples that have been currently studied for its
multiferroic applications. BiMnO3 crystallizes at high pressure in a highly distorted
perovskite structure, which is both ferromagnetic and ferroelectric.31 BiMnO3 shows the
ferromagnetism below ~100 K.32 The ferromagnetism of BiMnO3 may be attributed to
the orbital ordering that produces the three-dimensional ferromagnetic interaction of eg
electrons.33 As far as electronic properties are concerned, BiMnO3 is an insulator and the
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ferroelectic hysteresis loop has been reported in the ferromagnetic state.34 The difference
of the relative dielectric constant is proportional to the square of the magnetic order
parameter: δε~γM2 (where γ is the magnetoelectric interaction constant). In BiMnO3 the
application of magnetic field induces a fairly large suppress of ε around ~100 K, meaning
that there is an effect of magnetic ordering on the dielectric constant.35 Although the
attempt to combine in one system both the ferromagnetic and ferroelectric properties
started in 1960, at present it seems to open quite a big effort in search for new
multiferroics with interesting properties.
The potential impact on society of the recent advances in magnetic materials is
noticeably remarkable. For instance dramatic increase in data storage density is already
evident. The discoveries of giant36 and colossal37 magnetoresistive materials, in which
magnetic fields cause order of magnitude changes in conductivity, has been particularly
significant. Sensors, read heads and memories based on giant magnetoresistive magnetic
multilayers are already commercially available. Magnetic refrigeration is a cooling
technology based on the magnetocaloric effect. This refrigeration has been proven to be
viable and could be used in any possible application where cooling, heating or power
generation is used today.38 Other proposed technologies, still under development include
magnetic valves, which allow current to pass only when adjacent ferromagnetic layers are
oriented by an applied magnetic field, and spin transistors,39 in which spin-polarized
currents are biased and controlled by magnetic rather than electric fields.
In addition, the long relaxation times and persistent coherence of electron spins are
being investigated for use in quantum computing.40 Currently physical and chemical
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properties of nanometer-sized particles have attracted much attention due to their
scientific and technological importance. The nanometer-sized materials often exhibit
interesting electrical, magnetic, optical and chemical properties,41 which cannot be
achieved by their bulk counterparts. The magnetic nanoparticle is one of such subjects
under intense investigation, since this promises access to the ultimate high density
information storage device.42 There has been great progress in the synthetic methodology
and technique of magnetic oxide nanoparticles so that the mass production of transitionmetal oxide nanoparticles has become possible.43 Due to the presence of d electrons,
transition-metal-oxide clusters often shows unusual magnetic behavior. For instance
MnO nanoparticles exhibit ferromagnetic behavior, contrary to its antiferromagnetic
phase of the bulk MnO. Due to higher surface-to-volume ratio in the MnO particles
results in larger magnetic moment.44
The development of advanced technology for magnetic storage by increasing the
amount of data stored on a magnetic disk has reached a level such that magnetic materials
must be fabricated on a nanometer scale. One approach is to rely on methods for
“physically” dividing bulk magnetic materials into their component nanometer sized
particles while trying to control over their size, shape and crystal structure. However this
approach has certain difficulties, regarding the problem of how to fabricate small
magnets while controlling the particle dimensions and the variance of the size from
particle to particle. The most fascinating developments of the last decade in the field of
molecule-based magnetism involve the discovery that certain transition metal complexes
act as individual nanomagnets.45 This can be seen as a missing link between the
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paramagnetic metal centers and magnetic particles. These new molecules are now called
molecular magnets or single molecular magnets (SMMs).46 Molecular magnets are
providing new type of magnetic behavior, which are not easily observed in traditional
magnets. This is particularly true for nanometer scale species, because the presence of
nonmagnetic organic moieties can provide the confinement of the magnets in zero, one
and two dimensions. In single molecular magnets, the individual molecules are shielded
from each other by a shell of bulky ligands so that the magnetic interactions between
neighboring molecules are limited and the observed magnetic properties of bulk samples
are very nearly intramolecular in origin. Single molecule magnets have an appreciable
potential-energy barrier for reversal of the direction of its magnetic moment. This
behavior is a result of combination of combination of large ground-state of spin (S) value
and a significant magnetic anisotropy of the easy-axis type as measured by the axial zerofield splitting parameter, D.47
The study of nanoscale magnetic particles has particularly benefited from the
discovery of SMMs since they represent the availability of collection of magnetic
“particles” with a single, very well defined size, i.e., the molecular size. As a result,
single molecular magnets have been proposed for high-density information storage
(where each bit of information would be stored in a single molecule)48 and in quantum
computing where each molecule would function as a quantum bit (qubit). The advantage
of the molecular approach is that the magnetic clusters are arranged in a single crystal
where all the clusters are identical, equally oriented and weakly interacting among
themselves. The latter application would particularly benefit from the fact that SMMs
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straddle the classical/quantum interface and thus tend to exhibit both the classical
properties of the macroscale and quantum properties of the microscale.
It is intriguing to notice that SMMs show quantum tunneling of the magnetization
(QTM) where the magnetization tunnels through the barrier rather than going over the
energy barrier, see below.49 QTM thus allows the molecules to exist as a quantum
superposition of states which is an essential element of a qubit. In SMMs the resulting
hysteresis loop, that is the classical property of a magnet, displays step-like features.
These steps in magnetization are due to a sudden increase in decay rate of magnetization
occurring at specific field values and have been attribute to quantum tunneling of the
magnetization (QTM). Such quantum tunneling of the magnetization steps has been
reported for [Mn12O12(O2CMe)16(H2O)4]·2MeCO2H H2O that has a ground-state spin of S
= 10 together with considerable negative magnetic anisotropy.50 In SMMs, magnetic
clusters are encapsulated by organic molecules to achieve necessary quantum
confinement of magnetic spin. However, this class of compounds provides a less rigid
lattice, which gives rise to less comparable spin-lattice interaction than extended
inorganic solids.
In the molecular approach, a sphere of organic groups prevents close contact of the
magnetic cores with those of neighboring molecules. In other words, organic moieties can
provide the confinement of magnet in zero-, one- and two-dimensions. Our group enters
in this field by introducing new types of coordination anions (other than organic groups),
such as inorganic oxyanions (PO4)3-, (AsO4)3- or (SiO4)4-, as spacers and linkers in order
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to achieve structural isolation and electronic insulation of magnetic nanostructures, see
below.11b
The concept of electronic confinement is illustrated in Figure 1.7 where twodimensional transition-metal oxide sheets (layers), one-dimensional wires (chains), and
zero-dimensional clusters (oligomers) are embedded in oxyanion based insulating matrix.
The oxyanions shield the low-dimensional transition metal nanostructures from
interacting with each other because of their closed-shell, nonmagnetic nature. Crystalline
solids of this kind consisting of periodic arrays of nanostructures are attractive because of
their simplified structures and molecule-like (quantized) physical properties. The
magnetic nanostructures often adopt same structural features of the corresponding bulk.
Magnetic insulators of this kind are of fundamental interest in studying spin-spin and
spin-lattice interactions in electronically simplified magnetic nanostructures.
Our research group has been successful in exploring oxyanion-based low-dimensional
solids containing transition-metal-oxide nanostructures. Two mixed-valence lanthanum
titanium (III/IV) oxosilicates, α and β-La4Ti(Si2O7)2(TiO2)4m (m =1,2), were isolated51
from a high temperature, solid-state reaction employing BaCl2 molten salt. Figure 1.8
shows the layered structure of the pseudo-two-dimensional La4Ti(Si2O7)2(TiO2)4m (m =
1,2) oxo-silicate series. The frameworks of this compound series exhibit single-sheet (m
= 1) and double-sheet (m = 1) titanium oxide slabs. The titanium oxide slabs adopt the
rutile lattice and parallel rutile slabs are separated by silicate slabs (La4Ti(Si2O7)2). The
silicate slabs shield the rutile slabs from each other. The low dimensionality with respect
to the titanium oxide slabs prompted us to investigate the structure/property correlation of
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2-D

1-D

0-D
Figure 1.7 Schematic representation of nanosized transition-metal oxide wires
(chains, left), sheets (layers, right) and oligomers (bottom) are embedded in closedshell, oxy anion based insulating materials such as silicates, phosphates and
aresenates.
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oxosilicate series by means of electrical property and band structure characterization.
Due to the edge-shared TiO6 octahedral configuration, two relatively short Ti-Ti
distances in each rutile layer across shared edges are observed, i.e., 2.84 Å for the m = 1
phase vs. 2.75 Å and 2.90 Å for the m = 2 phase. These distances are shorter than the 2.96
Å distance observed in rutile (TiO2) as well as the 3.02 Å critical distance for Ti-Ti
interaction, indicating some significant titanium metal-metal interaction in the rutile slab.
Band structure calculations shows that the d electrons reside entirely in the rutile layers
whereas the silicate layers of both m = 1 and 2 phases consists of Ti+4 (d0) ions and hence
are diamagnetic. Since the bottom portions of their d-block bands are partially filled, of
both m = 1 and 2 phases are predicted to be metallic. The conductivity measurements of
pressed pallet show a semi-metallic behavior with small band gap energies and exhibit a
sharp transition at low temperatures. It indicates that the electrons in the partially filled
bands are localized.
Compounds of this kind containing late transition metal cations, such as copper, have
also been isolated in the silicate, phosphate, arsenate and germinate systems. For
instance, a new family of cuprates, Li2Cu3(SiO3)4 and Na2Cu3(GeO3)4 that consists of
periodic arrays of nanostructures has been recently reported showing interesting trimeric
[Cu3O8]10- copper oxide nanostructure.52 An intriguing structural feature is the ladder like
arrangement of periodic arrays of [Cu3O8]10- embedded in an extended lattice exhibiting a
pseudo-one-dimensional channel framework. Figure 1.9 shows the partial structure of
Na2Cu3(GeO3)4 regarding the connectivity between the trimeric [Cu3O8]10- planar units
and (GeO3)∞ stair-step-like metagermanate chains. The [Cu3O8]10- trimers are constructed
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Figure 1.8 Perspective view of La4Ti(Si2O7)2(TiO2)4m, where m = 2 (top).
Schematic representation of the layered La4Ti(Si2O7)2(TiO2)4m oxosilicate phases
containing single-sheet (m = 1) and double sheet (m = 2) rutile (TiO2) slabs
(bottom).
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by three CuO4 square planer units sharing trans edges in linear fashion. The trimeric
nanostructures are stacked along [001] sharing its vertex oxygen atoms with six (GeO3)∞
metagerminate chains. The intratrimer Cu-O bond distances are between 1.92 and 1.98 Å.
In [Cu3O8]10- trimer, the Cu-Cu distance of across the shared edge is 3.03 Å. The
intercluster Cu(1)-Cu(2) and Cu(2)-Cu(2) distances are 3.349(1) and 3.273(1) Å
respectively. The preliminary analysis of magnetic data suggests that spin interactions in
this family of compounds are predominately antiferromagnetic (AFM) and the further
analysis suggests that the bulk magnetic susceptibility could be attributed to the
combination of predominantly intratrimer AFM coupling and weak intertrimer
ferromagnetic (FM) interaction.
A new family of copper-based compounds containing periodic arrays of magnetic
nanostructures is the copper (II) arsenate series, Na5ACu4(AsO4)Cl2 (A = Rb, Cs).53
Na5ACu4(AsO4)Cl2 adopts a new structure type that contains a novel Cu4O12 cluster unit,
resembling the structural unit of the copper-oxide sheet in high-Tc superconducting
cuprares. The Cu4O12 clusters are made of four square-planar CuO4 units that share
corner oxygen atoms. These Na5ACu4(AsO4)Cl2 (A = Rb, Cs) compounds are magnetic
insulators since the Cu4O12 tetrameric units are isolated by closed-shell, nonmagnetic
arsenate anions as shown in Figure 1.10. Na5RbCu4(AsO4)Cl2 exhibits a pseudo-twodimensional structure, in which the [Cu4O12]16- clusters are interconnected by arsenic
cations to form an extended Cu-O-As sheet propagating over the ac plane. The four Cu-O
bond distances are similar, 1.93 Å and 1.99 Å, and the sum of the four O-Cu-O angle is
nearly 360°. The internuclear distance within the tetramer, 3.24 Å and 3.22 Å, are shorter
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Figure 1.9 Partial structure of Na2Cu3(GeO3)4 showing (left) the ladderlike lattice
made of [Cu3O8]10- trimers (ball-and-stick drawing)powhich are interconnected by
[GeO3]∞ metagermate chains (polyhedral drawing) and the arrangement of Cu 2+
magnetic ions (right). The long Cu-O bonds are represented by dotted lines, while
weak magnetic interactions between Cu 2+ ions are depicted by dashed lines.
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(a)

(b)

Figure 1.10 (a) Partial structure of Na5RbCu4(AsO4)Cl2 showing the checker-board
patterns of tetrameric [Cu4O12]16- cluster units (ball and stick drawing) interlinked
by AsO4 tetrahedra (polyhedral drawing).(b) Cu4O12 cluster made of corner
sharing square-planar CuO4 units (bottom).
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(a)

(b)

Figure 1.11 (a) Perspective view of Na2MnP2O7 along the a axis. (b) Mn2O10 dimer
(ball and stick drawing) is surrounded by P2O7 units (polyhedral drawing).
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than the intercluster distances, dCu...Cu = 4.26 Å and 4.17 Å along a and c axes,
respectively. The magnetic susceptibility data for Na5RbCu4(AsO4)Cl2 suggests that spin
interactions in this compound are predominately antiferromagnetic (AFM). Because of its
layered structure, the magnetic properties of Na5RbCu4(AsO4)Cl2 are governed by the
spin exchange interactions between the neighboring Cu2+ ions within the same
Cu4(AsO4)4 layer. The spin coupling between the layers of the compound is assumed to
be very small because the interlayer O…O distances are greater than 6.1 Å.
The most interesting nature of the inorganic chemistry of manganese, as well as the
mid transition metal cations, is its ability to form complexes with different oxidation
states. Since the manganese ion is flexible enough to adapt a variety of valence states, it
can possess different values of magnetic moments depending on its total number of
valence electrons (S = 5/2, 2, and 3/2 for Mn2+, Mn3+ and Mn4+ respectively). Prior to this
study, several new families of manganese containing silicates, phosphates and arsenates
have been synthesized in our group. The Na2MnP2O7 compound,54 for instance, possess
edge-shared Mn2O10 dimers that are structurally interlinked with (and isolated from) each
other by P2O7 through sharing vertex oxygen atoms. As shown in Figure 1.11, the Mn-OP slab is made of alternating units of Mn2O10 dimers and P2O7 groups. Each manganese
atom in the dimeric unit is coordinated to six oxygen atoms, and among which eight nonbridging oxygen atoms are shared with four P2O7 groups. The Mn-Mn distance in the
dimeric unit is 3.365(2) Å through the shared edge and the Mn-O-Mn angle for the
bridging oxygen is 99.1(1)°. The magnetic susceptibility of Na2MnP2O7 obeys the CurieWeiss law over the temperature range of 10-300 K and undergoes an antiferromagnetic
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ordering at around 7.2 K due to the presence of intradimer Mn-O-Mn superexchange
pathways. Given these promising features, it was the goal of this dissertation study to
further survey new compounds with interesting structural and magnetic properties.
The scope of this research includes exploratory synthesis of new compounds
featuring magnetic nanostructures, investigation of magnetic properties, and correlation
studies of structure and magnetic properties. This dissertation reports the research results
of newly discovered transition-metal-containing silicate, phosphate, arsenate, and
vanadate compounds. The general experimental procedures are described in the chapter 2
immediately following the introduction chapter. The subsequent chapters (chapters 3-8)
are organized according to the size of magnetic nanostructures. An off-subject chapter
(chapter 9) is included to demonstrate the utilities of reactive molten chloride salt in the
formation of a novel family of non-centrosymmetric ferromagnetic solids. In these
chapters (chapters 3-9), detailed reaction conditions, structural descriptions, physical
properties, and possible structure-property correlations are discussed. The dissertation is
concluded by the Summary and Future Work chapter.
The first project undertaken (chapter 3) was the systematic study of the solid-solution
series, Cs2-xRbxCu3P4O14 (x = 0, 0.33, 0.50, 0.80), to investigate the size effect of
monovalent cation to the bulk magnetic properties, we have successfully prepared the
Rb+-substituted analogues and examined their magnetic properties systematically.
Chapter 4 describes the study of new manganese arsenate materials containing
structurally isolated Mn4O4 cubanes, a new compound system that exhibits a perfectly
magnetically frustrated Mn4 tetrahedron. The theoretical study suggests that the material
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is a half-metal in which the gap of spin-up and spin-down states is calculated to be as
small as 0.3 eV. Chapter 5 reports a novel cyclic magnetic nanostructure in the
BaRb3KMn6(PO4)6 framework. The structure and property correlation studies reveal
antiferromagnetic coupling between the Mn2+ ions in the Mn6 rings. In Chapter 6, we
present a new µ3-oxo system, Ba2Mn3O2(PO4)3, where the parallel Mn-O-Mn chains are
structurally isolated by phosphate polyanions. We will report the field and frequency
dependent magnetic properties and the stepped magnetization. The latter could be
attributed to the slow relaxation of the magnetization as evident in strong frequency
dependence of the ac susceptibility measurements. Chapter 7 describes the study of
mixed valance manganese(II,III) arsenate compound, Na3Mn7(AsO4)6 and structurally
related KNaMn3(AsO4)3 and BaNa4Mn6(AsO4)6 phases. The magnetic studies revealed
Na3Mn7(AsO4)6 possess ferromagnetic transition at low temperature where as
BaNa4Mn6(AsO4)6 exhibits antiferromagnetic ordering. Chapter 8 reports two µ-oxo
compounds, µ3-oxo Ba2CsRbMn7O2(AsO4)6 and µ4-oxo CsMn3O(AsO4)2 containing
isolated manganese oxide networks in extended pseudo-two-dimensional arrangement.
CsMn3O(AsO4)2 provides a very interesting system in the magnetochemistry of
manganese based system where the magnetic results revealed the existance of magnetic
hysteresis at 25 K. Chapter 9 gives synthesis and magnetic characterization of three new
fresnoite type Ba2Mn(Mn1.4Si0.6O7)Cl, Rb2MnV2O7Cl and Cs2MnV2O7Cl. unlike many
fresnoite compounds, Cs2MnV2O7Cl exhibits rare ferromagnetic nature.
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CHAPTER 2
EXPERIMENTAL METHODS AND CHARACTERIZATION TECHNIQUES
Solid State Synthesis and Crystal Growth
The methods of approach for the synthetic solid-state chemistry include hightemperature, solid-state method, low-temperature, hydrothermal reaction, sol-gel
synthesis, and molten salt methods for crystal growth, just to name a few. The techniques
commonly employed for high-temperature, solid-state synthesis are known as “shake and
bake” or “heat and beat” methods. This is a conventional approach where solid reactants
are ground together to achieve intimate mixing, often pressed into pellet to bring
reactants closer together to improve reactivity, and followed by heating to high
temperatures to acquire necessary thermodynamic as well as kinetic (diffusion) energies
for reaction to occur. Multiple grinding and heating steps are required to ensure the
reaction mixture reaches thermal equilibrium.
High temperature (>500 oC) and long duration (hours, days, or even weeks) are
required in solid state synthesis because of slow ion diffusion in solids, and these
conditions favor the formation of thermodynamically stable products. This situation is in
contrast to the organic reaction where the final products can be determined by kinetic
rather than thermodynamic factors. This is because in the case of organic synthesis,
intimate mixing of reactants is supported by the solvent in which the reactants dissolve.
In solid-state synthesis, final product is thought to be formed by nucleation followed by
crystal growth. The atoms at the solid interface first reorganize themselves in nucleation
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step to form a “seed” of the new phase, and, through further heating, continue to diffuse
through the bulk resulting in the growth of crystalline phase. Although this high
temperature method produces powders and multiple phases, by employing lengthy
annealing, single crystals that are large enough for single-crystal X-ray diffraction can
often be produced typically in a week.
Fluxes, substances that melt at elevated temperatures, can be used as hightemperature solvents for growing crystals of refractory solids that otherwise cannot be
achieved by the conventional methods mentioned above. This technique requires high
temperatures to keep the salt molten, and due to this, the compounds must be
thermodynamically stable at the melting point of the employed flux. While other methods
(such as vapor phase transport, hydrothermal and Czochralski techniques) are available
for crystal growth, the flux methods are the most useful in exploratory synthesis of
thermodynamically stable solids. Flux technique, therefore, is employed in this study to
grow sizable crystals for structure determination. The added advantage of this method is
that good quality crystals are relatively easy to grow for experiments that require highpurity samples. A disadvantage is that the crystals grown are often limited in size, so
picking small crystals to get enough material for property characterizations (such as
magnetic susceptibility and thermogravimetric analysis) is inevitable.
The flux technique makes crystal growth occur at relatively low temperatures
presumably because the solid reactants are first dissolved in a solvent (flux). By keeping
the employed flux at a temperature slightly above its melting point (e.g., 100-200 oC), a
saturated solution of reactants can be prepared at elevated temperatures. Slow cooling is
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done ideally to keep the solution in saturation conditions necessary for continued crystal
growth. It should be noted that the flux method in solid-state chemistry has been well
known, but it is only recent that it has been systematically studied and developed.1
Flux synthesis differs from conventional solid-state synthesis in the sense that an
extra reaction component (either elemental or compound flux) exists in considerable
excess in the reaction mixture as a solvent. If the flux elements are incorporated into the
final products, it is then called a reactive flux. Otherwise, the criteria for the selection of
flux include its capability of dissolving reactants in the reaction mixture and, because of
the limitations of the reaction container, its relatively low melting point. When the slow
rate of ion diffusion in solids is overcome because of the flux, the reaction temperature
can be lowered due to the improved mass transport. Fluxes with low melting points are
beneficial because one can gain some kinetic control under low-temperature conditions.
Thermodynamically, lower temperatures can prevent thermal decomposition of
metastable phases that may exist.
In the search for new compounds, the flux technique has continued to be invaluable
and in some cases, new fluxes have been developed. Molten metals, for instance
elemental fluxes made from Al, Ga, In, Sn, Bi, Pb and Sb have proven useful in the
synthesis of a wide variety intermetallic compounds.2 By modifying the reactivity of the
medium by mixing flux components, an unexplored aspect of growth of materials from
metal fluxes can be achieved. The solvent metal, like most of the fluxes, can be
incorporated during product formation, or plays an active role as a scavenger to the
reactants. The selection of a suitable metal as a flux is based on a number of criteria
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including the solubility of reactants and low melting point. To retrieve products, a
number of ways and means are employed such as chemical etching with various solutions
or mechanical centrifuging at the molten state.
The application of salt fluxes has been responsible for the significant development of
exploratory synthesis in the last few years. The synthesis of solid-state materials in
molten halide salt fluxes often lead to new phases that cannot be prepared by traditional
solid-state methods and these molten salt fluxes have proven to be ideal reaction medium
for crystal growth of especially mixed-metal oxides. As anticipated, the molten-salt
synthesis significantly shortens reaction time, lowers the synthetic temperature, and
enables crystal growth of oxides that consists of high-melting transition metal oxides and
alkali metal/alkaline-earth metal oxides.
In crystal growth, alkali and alkaline-earth halide fluxes were employed, providing a
sizable temperature window (300 – 1000 °C). Solid fluxes include single alkali and
alkaline-earth chloride salts such as LiCl (mp = 605 °C), KCl (mp = 770 °C) and BaCl2
(mp = 963 °C). To acquire low-melting salt fluxes, eutectic mixtures were sought that are
made of binary salts such as 63% CsCl/37%NaCl (mp = 493 °C ), 41.5% KCl/58.5%
LiCl (mp = 355 °C ) and 42.5% CsCl/57.5%LiCl (mp = 333 °C). In addition to these, a
ternary eutectic flux of 47.5% KCl, 47.5% NaCl and 5% NaF, for instance, can be used
since it also has a relatively low melting point of 607 °C with more exotic dissolution
properties with respect to oxide materials.
Generally speaking, the solid-state reactions using halide fluxes were performed in
fused silica ampoules under vacuum and the halide salt was added to the reactants in a
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mass ratio of 3-10:1. Since incorporation of cations and/or anions from the flux is
inevitable, which has made the exploratory research in molten salt media serendipitous in
times, it is advisable to systematically control the flux to charge ratio to understand the
role of salt flux with respect to the formation of final product. The specific mass ratios,
along with reaction temperatures and cooling rate, will be further addressed in each
section where individual reaction is discussed. One of the attractive features in using
molten salts, compared to metal fluxes, is the ease of separating the target crystals from
the flux. Single crystals can be retrieved simply by washing the final product with
deionized water and using suction filtration at room temperature.
We have focused on exploiting parameters that better probe the synthesis and
properties of transition metal oxide based compounds using alkali and alkaline-earth
halide fluxes. To limit the number of variables in terms of undesirable elements, we
choose molten chloride fluxes that share common electropositive cations with the
targeted chemical system. Not only do these molten salts serve as the solvent, but they
also play an important role as a reactive medium in adding fabulous structural features
into the final product through salt inclusion.3 With this approach, we have successfully
discovered a number of extended solids that, for example, contain magnetic
nanostructures. This approach provides an effective way to prepare sizable single crystals
of compounds enabling further characterizations to reveal the interesting materials
properties described in this dissertation.
The scope of this dissertation research includes the synthesis of transition metal
silicates, phosphates, and arsenates by employing above mentioned high-temperature,
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solid-state reactions and flux growth techniques. We loaded our reactants in the drybox in
order to minimize the exposure of air sensitive reactants to the atmosphere. All the items
taken into the drybox are kept dried in an oven for a minimum of 30 minutes prior to
transporting through the antechambers. The drybox atmosphere is maintained in good
condition where the oxygen and moisture levels are kept at 1 ppm.
In a typical flux growth reaction, starting materials were loaded into quartz ampoules
with a selected halide salt or eutectic mixture of halide salts. The quartz ampoules were
transferred and attached to a vacuum line employing Precision vacuum pump (Model
DD195), and were sealed with an oxygen-propane torch under vacuum (ca. 10-4 torr). The
quartz ampoules were labeled using heat resistant labels. In order to ensure the crystal
growth, various heating and cooling temperature programs were examined using the
temperature programmable Lindburg/Blue box furnaces (model:BF51848A-1). As
mentioned previously, the temperature was set ca. 100-200 °C above the melting point
(or eutectic point) of the flux to ensure a window of growth. The crystals were retrieved
by simply washing the reaction products with deionized water using suction filtration
methods and the products were stored in a petri dish for further examination.

Single Crystal X-Ray Diffraction

Single-crystal X-ray diffraction (SXRD) is an important analytical technique that
provides comprehensive information of the crystal structure of new solids, including unit
cell dimensions, atomic positions, bond lengths, bond angles. The data collection on
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single crystals was followed by single-crystal structure refinements, where the data
generated from the SXRD analysis is interpreted and refined with a theoretical model of
the crystal structure. The single-crystal X-ray diffractometer used in this research is
equipped with CCD (charge-coupled device) technology in order to transform the X-ray
photons into electrical signals that are then sent to a computer for processing.
The crystals for single-crystal diffraction should be unfractured and optically clear
with sharp and well-defined faces. The crystals should not exceed 0.8 mm in dimension
due to the size of the monochromated X-ray beam, and ideal crystal sizes range from
0.15-0.25 mm. The crystals are mounted on the tip of a thin glass fiber (amorphous
quartz) using an epoxy. This fiber is attached to a brass mounting pin, usually by using
modeling clay, and then the pin is inserted into the goniometer head.
A computer assisted and controlled four-circle Rigaku AFC-8 diffractometer
equipped with a CCD area detector using graphite monochromated Mo Kα radiation (λ =
0.71073 Å) was employed. The crystal to detector distance was set to 27 mm. The
CrystalClear software package4 written by Rigaku/MSC (Molecular Structure
Corporation) was used to collect the data. A total of 800 or 480 frames were recorded
within an interval of 0.3 or 0.5 in ω, respectively with each frame being recorded twice to
eliminate the ‘zinger’ spot caused by cosmic radiation. A complete data collection
typically lasted anywhere between 3 to 12 hours with exposure time from 5 to 40 seconds
per image and the exposure time of each frame was decided depending on the size and
diffraction quality of the crystal.

45

The collected intensity data were integrated, merged and then followed by an
empirical multi-scan absorption correction applied to the entire data set. These correction
and processing procedures are part of the software package, which controls and runs the
data collection. The final outcome of these processes is the creation of a HKL file with
intensities for final structure solution. The structure refinement is aided by software
packages and the most widely used package of software is the SHELXL program suite.5
The results of the structure refinement yield a list of x,y,z assignments for each atom in
the unit cell, the distance of the nearest atomic neighbors and shape of the anisotropic
intensity center for each atom (thermal parameters). In addition to that, the angles
between nearest neighbors are also given. The quality of a solution is assessed by R value
that gives the percent variation between the calculated and observed structures. The
validity of the space group was confirmed by using PLATON.6 By using structural
parameters such as unit cell, space group, and atomic positions, the crystal structure was
drawn using Diamond-2.1,7 which is a user-friendly molecular and crystal structure
visualization software. The powder pattern calculations were done by using Powder Cell
for windows, PCW,8 which provides intensity profiles for simulated powder X-ray
diffraction patterns.

Powder X-Ray Diffraction

Although powder X-ray diffraction offers less information than single-crystal
diffraction, it can be used as a fingerprint method for phase identification in a much
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simpler and faster fashion. A powder X-ray diffractometer consists of an X-ray source, a
movable sample platform, an X-ray detector, and associated computer-controlled
electronics. Briefly, a beam of X-rays passing through a sample of randomly-oriented
microcrystals produces an intensity profile, which is plotted as a function of the
diffraction angles 2θ. The resulting pattern is used for confirming the identity of a solid
material and determining crystallinity and phase purity.
X-ray diffraction has been used in two main areas, for the fingerprint characterization
of crystalline materials and the determination of crystal structures in the cases where high
quality crystals are not available. Each crystalline solid has its unique characteristic X-ray
diffraction patterns that may be used for phase identification. To match with known
phases, the process was accomplished by comparing the experimental data (relative
intensities and peak positions) with the large set of standard database of Powder
Diffraction File (Joint Committee on Powder Diffraction Standards, JCPDS, Swarthmore,
USA).10
In the regular data collection, the ground crystalline powder sample was packed into a
shallow, cup-shaped zero-background quartz plate sample holder and a flat surface was
prepared by smoothening the powder sample before placing on the sample platform. In
this project, a Scintag XDS 2000 θ/θ powder X-ray diffractometer equipped with
CuKα1/Kα2 (λ) (1.540592 Å and 1.544390 Å, respectively radiation was employed for
the collection of the powder patterns with a step size of 0.03° in 2θ ranging from 2°–65°
and desired step time. DMSNT software9 provided by Scintag was used to control and
monitor the data collection.
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In this work, peak profile refinement and indexing method included in WinPLOTRFullprof suite programmed by Roisnel and Rodriguez-Carvajal was employed in order to
determine unit cell parameters.11

UV-vis Diffuse Reflectance Spectroscopy

UV-Vis spectrometer is used for studying the electronic properties of the transition
metal containing compounds. Since little or no sample preparation is required, data
collection is relatively straightforward. The samples can be prepared either by smearing
ground powder sample on a surface of the BaSO4 sample holder or by adhering it on a
Fisherbrand filter paper. When the UV beam shines on the sample, it can either be
reflected off the surface of a particle or be transmitted through a particle. In addition to
that, the beam that passes through a particle can either reflect off the next particle or be
transmitted through the next particle. This transmission-reflectance event can occur many
times in the sample. Finally, such scattered UV energy is collected by a mirror that is
focused onto the detector that provides the spectroscopic information of the sample.
In this work, a PC-controlled Schimadzu UV-3101 UV/vis/near-IR spectrometer
equipped with an integrating sphere was employed for the collection of the electronic
absorbance data of the powder samples. The crystalline sample was first ground into a
fine powder and scratch onto Fisherbrand filter paper. The filter paper alone was used as
background and was subtracted by running baseline before the sample was scanned. The
data were collected by wavelength (nm) in the reflectance mode in the range of 200-2400
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nm (0.5-6.5 eV). The Kubelka-Munk function A = (1-R)2 / 2R12 where R is reflectance,
was used to convert reflectance data into arbitrary absorption units.

Magnetic Susceptibility Measurements

A Superconducting Quantum Interference Devices (SQUID) is the most sensitive
device for measuring magnetic properties, and these magnetometers require cooling with
liquid helium to operate. SQUID magnetometers are used to characterize materials in a
broad temperature range using applied magnetic fields up to several Tesla. The system is
designed to measure the magnetic moment of a sample, from which the magnetization
and magnetic susceptibility can be obtained.
The main components of a SQUID magnetometer include (1) a superconducting
magnet which is a solenoid made of superconducting wire; (2) a superconducting
detection coil which is coupled inductively to the sample; (3) a SQUID device connected
to the detection coil; (4) a superconducting magnetic shield which is used to shield the
SQUID sensor from the huge magnetic fields produced by the superconducting magnet
and from the fluctuations of ambient magnetic fields. The superconducting magnet is
kept at liquid helium temperature in the liquid-helium Dewar and it produces uniform
magnetic field along the axial cylindrical bore of the coil. The superconducting detection
coil (pick-up coil system) is placed in the uniform magnetic field region of the
superconducting magnet. A measurement is taken in this instrument by moving the
sample through the superconducting detection coil so that the magnetic moment of the
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sample induces an electric current in the pick-up coil system. A change in the magnetic
flux in these coils changes the persistent current in the detection circuit so that the change
in the current in the detection coils produces variation in the output voltage proportional
to the magnetic moment of sample.13
A SQUID MPMS-5s magnetometer manufactured by Quantum Design was employed
for the measurement of the magnetic susceptibility. In order to obtain a measurement, a
sample of few milligrams of ground single crystals or polycrystalline powder sample was
placed in a gelatin capsule holder. The gelatin capsule holder was then mounted in the
middle of a plastic straw that was connected to the end of the metal sample rod. The
sample rod was then carefully inserted into the sample chamber. Depending on the
targeted experiment, the DC magnetic moment as a function of temperature or DC
magnetic field was carried out. The magnetic susceptibility was corrected for the sample
holder and core diamagnetism.14
Using the SQUID magnetometer in this dissertation research, we have performed the
following: (a) zero-field-cooling (ZFC) and field-cooling (FC) studies, (b) determination
of the real and imaginary components of the AC magnetic susceptibility as a function of
frequency, temperature and DC magnetic field value. In order to understand the
temperature dependence of ZFC magnetization and FC magnetization, it is necessary to
review the magnetic moment behavior in ZFC and FC processes. When the sample is
cooled at non-zero magnetic field (FC), the spin moments are ordered almost parallel to
the direction of applied field, the sample shows non-zero magnetization even if the field
decreases to zero so that FC magnetization is similar to the behavior of spontaneous
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magnetization. When the sample is cooled at zero-field (ZFC), the spin moments are
totally disordered. The sample shows zero-magnetization when the field is zero. If a field
is applied to the sample at low temperature, the spin moments rotate towards the applied
field direction, and the sample shows net magnetization. A large field and a large
spontaneous magnetization give a large ZFC magnetization. However, the magnetic
anisotropy resists the rotation to the applied field direction leading to an expected
divergence between ZFC and FC magnetizations.
In the AC susceptibility experiments, the direction of the magnetic field is varied at a
known frequency where a weak field (typically 1-5 Oe) oscillating at a particular
frequency is applied to a sample to probe the dynamics of its magnetization relaxation.
An out-of-phase AC susceptibility signal (χ”) is observed when the rate at which the
magnetization (magnetic moment) of a molecule (or collection of molecules) relaxes
(reorients) is close to the operating frequency of the AC field. Thus, if a collection of
magnetic system is maintained at a certain temperature and the frequency of the AC
magnetic field is varied, a maximum in the χ” signal will occur when the oscillation
frequency of the field equals the rate at which a molecule can interconvert between the
spin “up” and spin “down” sates.15 In this work, AC susceptibility measurements (in
phase χ’ and out of phase χ”) were recorded by means of a (SQUID) magnetometer, with
a constant excitation field of hac = 3 Oe, and frequencies ranging from 0.015 Hz to 1500
Hz. The data were recorded either versus temperature at a fixed frequency or versus
frequency at a fixed temperature. All the measurements were recorded after a zero-field
cooling from temperature above ferromagnetic transition.
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Energy Dispersion X-ray Analysis

Energy dispersion X-ray analysis (EDX) is an analytical technique used mainly for
the elemental analysis of solids. Here a beam of X-rays is focused onto the sample and
the X-ray released by the electron is then detected and analyzed by the energy dispersive
spectrometer. Since each element has its unique atomic structure, this technique allows
X-rays that are characteristic of an element's atomic structure to be uniquely
distinguished from each other. A computer-controlled SEM-3400 S-3400N electron
microscope equipped with a Princeton Gamma Tech (PGT) PRISM digital EDX detector
was used to identify the element present. In order to identify the elements in the
compounds interested, the powders or crystals of desired compounds were attached to a
carbon tape and pumped into the sample chamber. The inside pressure of the chamber
was maintained at about 7.5 × 10-7 torr. Measurement was carried out with a working
voltage of 20 KV and the working distance as 15 mm.
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CHAPTER 3

SYNTHESIS, STRUCTURE AND MAGNETIC PROPERTIES OF COPPER(II)
PHOSPHATES CONTAINING PERIODIC ARRAYS OF STAGGERED SQUAREPLANAR CuO4 TRIMERS
Introduction
Our continued exploratory synthesis of quaternary A-M-X-O oxides, where A =
mono- and divalent electropositive cations, M = transition metal cations, and X = P or Si,
has been fruitful due to the structure versatility of the mixed MOn (n = 4~6) and XO4
polyhedra. Several newly-isolated compounds containing low-dimensional transitionmetal (TM) oxide lattices form interesting magnetic insulators. Their structures contain
periodic arrays of TM-oxide magnetic nanostructures that are structurally and
electronically confined by the closed-shell, nonmagnetic silicate and phosphate
oxyanions. It has been evident that these TM-oxide nanostructures form clusters, chains,
and layers that frequently mimic the structural unit of some bulk oxides of technological
importance.1 These include, for instance, (1) La4Ti(Si2O7)2(TiO2)4m containing single- (m
= 1) and double- (m = 2) sheets of mixed-valent rutile [(TiIII/IVO2)4m]4- slabs2 and (2)
(Ba3Nb6Si4O26)n(Ba3Nb8O21) (n = 1~4) possessing slabs of the ReO3-type mixed-valent
niobate(IV/V) columns.3 There are also other examples characterized by nanostructures
of spin-sheet NaMnAsO4, spin-chain β-NaCuPO4,4 Ba2Cu(PO4)2,5 spin-tetramers
Cu2PO4,6 Na5ACu4(AsO4)4Cl2 (A = Rb, Cs),7 NaCuAsO4,8 and spin-trimers A2Cu3X4O12
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(A/X = Li/Si, Na/Ge).6c,9 In theory, these nanostructures could provide useful models for
experimental and theoretical developments of magnetic and electronic interactions in
TM-oxides because of their simplified structures.10
This class of compounds also could be of special interest to the study of new quantum
magnetic solids that are complementary to the so-called single molecule magnets
(SMMs)11 and molecular nanomagnets (MNMs) with respect to the confined magnetic
nanostructures.12 These molecular solids contain soft organic ligands that electronically
insulate the nanostructures. It should be noted that the development of molecular magnets
has been hampered by their low Tc (< 5K) partially attributed to soft organic
components.13 It was thought that substituting with relatively more rigid inorganic
ligands, such as P2O74- anions, can help raise Tc due to reduced phonon interactions.
For the ultimate investigation of theoretical and experimental models of magnetic
coupling, we have continued to explore new chemical systems to expand the database of
magnetic nanostructures of different size, shape and geometry. Through molten-salt
synthesis, we have been able to grow sizable single crystals for structure and property
correlation studies. In this chapter we discuss the synthesis, structure and magnetic
properties of a new family of copper(II) phosphates, Cs2-xRbxCu3P4O14 (x = 0.0-0.8).

Synthesis and Characterization of Cs2-xRbxCu3P4O14 (0.0 ≤ x ≤ 0.8)
Synthesis
Crystals of Cs2Cu3P4O14 were grown by employing a molten-salt reaction in a fused
silica ampoule under vacuum. CuO (7.0 mmol, 99.999%, Strem), P2O5 (4.0 mmol, 98+%,
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Aldrich), CsCl (4.0 mmol, 99.9%, Strem) and CsI (8.0 mmol, 99.9%, Cerac) were mixed
and ground in a nitrogen-blanketed dry box. The reaction mixture was then sealed in an
evacuated silica tube. The reaction mixture was heated to 700°C at 1°C min-1, dwelled for
two days, then slowly cooled to 300°C at 0.1°C min-1 followed by furnace-cooling to
room temperature. The crystalline phase was retrieved from the flux by washing the
product with deionized water suction filtration. Transparent, blue column-shaped crystals
were isolated. The chemical contents were confirmed by qualitative energy dispersive Xray analysis and stoichiometric synthesis.
Cs2Cu3P4O14 can also be prepared in the polycrystalline form in air using
stoichiometric amounts of the corresponding hydroxides and phosphates. For instance,
(NH4)H2PO4 (7.3 mmol, 99%, Mallinckrodt), CsOH·H2O (3.7 mmol, 99.5%, Acros) and
Cu(OH)2 (5.5 mmol, 94%, Alfa) were ground with a limited amount of water for proper
mixing. The reaction mixture was heated to 300°C at 2°C min-1, dwelled for one day
followed by heating to 700°C at 1°C min-1, dwelled for one day and finally furnacecooled to room temperature. Homogeneous, light blue materials were isolated. The Rb+substituted Cs2-xRbxCu3P4O14 (x = 0, 0.33, 0.50, 0.80) was also prepared. Cs2xRbxCu3(P2O7)2

(where x = 0.33, 0.50, 0.80) was prepared using the exact experimental

procedures and conditions for Cs2Cu3P4O14 along with a stoichiometric amount of RbOH
(99%, Alfa). Homogeneous, light blue materials were isolated within three days using 0.5
wt% of Li2CO3 as mineralizer during the second heating.
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Single Crystal X-Ray Diffraction
Dark-blue column-shaped crystals were physically examined and selected under an
optical microscope equipped with a polarizing light attachment. The data crystal was
mounted on glass fiber with epoxy for the X-ray diffraction study. The data were
collected at room temperature on a four-circle Rigaku AFC-8 diffractometer and the
structure was solved by direct method using the SHELXL-97 program.14 Table 3.1
reports the crystallographic data of the title compound. The atomic coordinates and the
thermal parameters are listed in Table 3.2 and 3.3 respectively. Selected bond distances
and angles are listed in Table 3.4.

Powder X-Ray Diffraction

X-ray diffraction data were collected using ground powder of selected crystals and
the as-prepared polycrystalline samples of solid-solution series, Cs2-xRbxCu3P4O14 (x = 0,
0.33, 0.50, 0.80). The ground powder sample was scanned on a Scintag XDS 2000
diffractometer with Cu Kα radiation in the 2θ range 2-65o at the step size of 0.03o at room
temperature. The powder X-ray diffraction pattern was refined with WinPLOTRFullprof15 program. The cell parameter refinements were performed according to the
given hkl values of those calculated from the single crystal data of Cs2Cu3P4O14. The
refined cell constants are listed in Table 3.5 and the comparison of powder patterns are
given Figure 3.7.
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Table 3.1 Crystallographic Data for Cs2Cu3P4O14
Chemical formula

Cs2Cu3P4O14

Crystal color, shape

Blue, column

Crystal size (mm)

0.10 × 0.04 × 0.02

Formula weight (amu)

804.32

Space group

P21/c (No. 14)

a, Å

7.920(2)

b, Å

10.795(2)

c, Å

7.796(2)

β, °

103.90(3)

V, Å3

646.9(2)

Z

2

ρ calcd, g/cm3

4.129

Linear abs. coeff., mm-1

1.0000-0.6191

F000

738

T (K) of data collection

300(2)

Reflections collected

5650

Reflections unique

1213

Rint /Rsigmaa

0.0221/0.0538

Parameters refined (restraints)

106(0)

Final R1/wR2b/GOF (all data)

0.0248/0.0553/1.019

Largest difference peak / hole(e- / Å3 )

0.821/-0.798

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0319 P)2 + 2.5 P] where P = (FO2 + 2FC2)/3.

2
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Table 3.2 Atomic Coordinates and Equivalent Displacement Parameters for Cs2Cu3P4O14
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
Cs
4e
0.74428(4)
0.18594(3)
0.03965(4)
0.0200(1)
Cu(1)

2c

0

1/2

0

0.0123(2)

Cu(2)

4e

0.28205(6)

0.39187(5)

-0.22806(6)

0.0115(1)

P(1)

4e

0.8698(1)

-0.15854(9)

0.1529(1)

0.0089(2)

P(2)

4e

0.6179(1)

-0.04967(9)

0.3372(1)

0.0096(2)

O(1)

4e

0.8456(4)

-0.1021(3)

-0.0278(4)

0.0141(6)

O(2)

4e

0.9035(4)

-0.2978(3)

0.1592(4)

0.0134(6)

O(3)

4e

0.4586(4)

0.0055(3)

0.2137(4)

0.0140(6)

O(4)

4e

0.5770(4)

-0.1253(3)

0.4853(4)

0.0146(6)

O(5)

4e

0.6874(4)

-0.1474(3)

0.2130(4)

0.0143(6)

O(6)

4e

0.0103(4)

-0.0913(3)

0.2867(4)

0.0142(6)

O(7)

4e

0.7614(4)

0.0453(3)

0.3979(4)

0.0141(6)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.
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Table 3.3 Anisotropic Thermal Parameters (Å2)a for Cs2Cu3P4O14
Atom U11
U22
U33
U23
U13

U12

Cs

0.0220(2)

0.0175(2)

0.0180(2)

-0.0001(1)

0.0002(1)

-0.0032(1)

Cu(1)

0.0085(3)

0.0168(4)

0.0101(3)

0.0050(3)

-0.0006(3)

-0.0003(3)

Cu(2)

0.0113(3)

0.0141(3)

0.0084(2)

0.0001(2)

0.0011(2)

-0.0033(2)

P(1)

0.0081(5)

0.0116(5)

0.0061(5)

-0.0007(4)

0.0002(4)

0.0002(4)

P(2)

0.0076(5)

0.0122(5)

0.0084(5)

-0.0015(4)

0.0009(4)

0.0015(4)

O(1)

0.015(2)

0.018(2)

0.007 (1)

0.003(1)

-0.001(1)

-0.001(1)

O(2)

0.014(1)

0.011 (1)

0.016(2)

0.002(1)

0.005(1)

0.004(1)

O(3)

0.010(1)

0.022 (2)

0.008(1)

-0.001(1)

-0.001(1)

0.007(1)

O(4)

0.014(1)

0.019 (2)

0.011(1)

0.001(1)

0.003(1)

-0.001(1)

O(5)

0.009 (1)

0.018 (2)

0.016 (2)

-0.006 (1)

0.005(1)

-0.001(1)

O(6)

0.010 (1)

0.019(2)

0.013(1)

-0.005 (1)

0.001(1)

-0.001(1)

O(7)

0.010 (1)

0.015(2)

0.016(2)

-0.004 (1)

0.001(1)

-0.001(1)

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 3.4 Bond Distances (Å) and Angles (deg) for Cs2Cu3P4O14
Cu(1)O4
Cu(1)-O(7)ii

1.929(3)

Cu(1)-O(2)vi

2.710(3)

Cu(1)-O(6)ii

1.952(3)

O(7)ii-Cu(1)-O(7)iii

180

O(6)iii-Cu(1)-O(2)vi

86.7(1)

O(7)ii-Cu(1)-O(6)iii

89.2(1)

O(6)ii-Cu(1)-O(2)vi

93.3(1)

O(7)iii-Cu(1)-O(6)iii

90.8(1)

O(7)ii-Cu(1)-O(2)v

87.8(1)

iii

ii

O(6) -Cu(1)-O(6)

180.0(2)

O(7)ii-Cu(1)-O(2)vi

92.1(1)

vi

O(2) -Cu(1)-O(2)

v

180

Cu(2)O4
Cu(2)-O(3)ii

1.920(3)

Cu(2)-O(4)iv

1.961(3)

Cu(2)-O(1)ix

1.930(3)

Cu(2)-O(2)i

1.964(3)

O(3)ii-Cu(2)-O(1)ix

89.2(1)

O(3)ii-Cu(2)-O(2)i

175.6(1)

O(3)ii-Cu(2)-O(4)iv

90.2(1)

O(1)ix-Cu(2)-O(2)i

92.2(1)

O(1)ix-Cu(2)-O(4)iv

175.3(1)

O(4)iv-Cu(2)-O(2)i

88.7(1)

P(1)O4
P(1)-O(1)

1.503(3)

P(1)-O(2)

1.526(3)

P(1)-O(6)

1.515(3)

P(1)-O(5)

1.629(3)

O(1)-P(1)-O(6)

111.0(2)

O(1)-P(1)-O(5)

108.5(2)

O(1)-P(1)-O(2)

114.2(2)

O(6)-P(1)-O(5)

108.8(2)

O(6)-P(1)-O(2)

110.8(2)

O(2)-P(1)-O(5)

102.9(2)
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Table 3.4 (cont’d) Bond Distances (Å) and Angles (deg) for Cs2Cu3P4O14
P(2)O4
P(2)-O(4)

1.510(3)

P(2)-O(7)

1.519(3)

P(2)-O(3)

1.513(3)

P(2)-O(5)

1.613(3)

O(4)-P(2)-O(3)

113.5(2)

O(4)-P(2)-O(5)

105.7(2)

O(4)-P(2)-O(7)

114.0(2)

O(3)-P(2)-O(5)

103.2(2)

O(3)-P(2)-O(7)

112.4(2)

O(7)-P(2)-O(5)

106.9(2)

[Cs-O] Polyhedra
Cs(1)-O(3)i

3.038(3)

Cs(1)-O(2)iii

3.191(3)

Cs(1)-O(7)ii

3.119(3)

Cs(1)-O(4)iv

3.231(3)

Cs(1)-O(7)

3.152(3)

Cs(1)-O(1)

3.287(3)

Cs(1)-O(6)iii

3.182(3)

Cs(1)-O(1)v

3.394(3)

O(3)i-Cs(1)-O(7)ii

117.61(8)

O(2)iii-Cs(1)-O(4)iv

123.11(8)

O(3)i-Cs(1)-O(7)

98.74(8)

O(3)i-Cs(1)-O(1)

50.42(7)

O(7)ii-Cs(1)-O(7)

139.96(9)

O(7)ii-Cs(1)-O(1)

142.25(8)

O(3)i-Cs(1)-O(6)iii

164.61(8)

O(7)-Cs(1)-O(1)

74.07(8)

ii

iii

O(7) -Cs(1)-O(6)

iii

51.25(8)

iii

129.50(8)

iii

O(6) -Cs(1)-O(1)

O(7)-Cs(1)-O(6)

95.44(8)

O(2) -Cs(1)-O(1)

88.06(7)

O(3)i-Cs(1)-O(2)iii

138.42(8)

O(4)iv-Cs(1)-O(1)

143.81(7)

O(7)ii-Cs(1)-O(2)iii

96.02(8)

O(3)i-Cs(1)-O(1)v

99.27(8)

O(7)-Cs(1)-O(2)iii

62.01(8)

O(7)ii-Cs(1)-O(1)v

96.55(8)

O(6)iii-Cs(1)-O(2)iii

46.26(8)

O(7)-Cs(1)-O(1)v

93.35(8)

Symmetry transformations used to generate equivalent atoms: (i) -x+1,-y,-z; (ii) x,y+1/2,z-1/2; (iii) -x+2,y+1/2,-z+1/2; (iv) -x+1,y+1/2,-z+1/2; (v) -x+2,-y,-z; (vi) x,y+1,z;
(ix) -x+1,y+1/2,-z-1/2.
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UV-Vis Diffuse Reflectance Spectroscopy
Optical absorption spectrum of the title compound was recorded on a PC-controlled
SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating sphere. A
light blue colored crystal sample of the Cs2Cu3P4O14 was ground and smeared onto Fisher
brand filter paper for data collection. The reflectance data were collected in the range of
200 nm (6.2 eV) to 2400 nm (0.5 eV) using slow scan speed and then the data were
converted manually into arbitrary absorption units using the Kubelka-Munk function.16

Magnetic Susceptibility
Temperature- and field-dependent magnetic measurements of Cs2Cu3P4O14 were
carried out with a Quantum Design SQUID MPMS-5S magnetometer. The measurements
were taken from 2 K to 300 K in the applied field of H = 0.5 T. Selected crystals of
Cs2Cu3P4O14 (29.6 mg) were ground and contained in a gel capsule sample holder. For the
Rb+-substituted compounds, the measurements were carried out on polycrystalline
samples. The magnetic susceptibility was corrected for the gel capsule and core
diamagnetism with Pascal constants.17

Results and Discussion
Structure
Figure 3.1 presents a perspective drawing of the Cs2Cu3P4O14 structure viewed along
the c axis. It shows the pseudo-one-dimensional channel structure where the Cs+ cations

64

reside. The open framework is made of the Cu-O-P-O-Cu covalent linkages whereby
alternating square planar [CuO4] and pyrophosphate [P2O7] units share vertex oxygen
atoms. This interesting three-dimensional framework consists of periodically assembled
arrays of [Cu3O12]18- units that are bridged by the (P2O7)4- pyrophosphate anions, as
shown in Figure 3.2. The magnetic Cu2+ cations reside in the CuO4 square-planar units.
Three CuO4 units are stacked in staggered configuration (Figure 3.2, right) with O-Cu(1)Cu(2)-O torsion angles ranging from 34.7(1)o to 54.7(1)o as opposed to 45o. The square
planar unit is otherwise flat, in that the copper atoms lie in the oxygen plane as evidenced
by the sum of the ∠O-Cu-O angles, e.g. 360.0(4)o for Cu(1) and 360.3(4)o for Cu(2).
Figure 3.3 shows that the stacked CuO4 units are slanted with respect to the
Cu(2)⋅⋅⋅Cu(1)⋅⋅⋅Cu(2) vector indicated by the non-orthogonal angles, e.g., ca. 66o for
Cu(1)O4 and 80o for Cu(2)O4. The difference in tilting suggests that the two CuO4 units
are not parallel, but tilted possibly due to the bond strain of the bridging P(2)O4 unit
(Figure 3.2). The staggered CuO4 planes, accompanied with the tilting, give rise to
additional oxygen coordination to the center copper with a long Cu(1)-O(2) bond, e.g.,
2.71(1) Å, as well as diverse torsion angles mentioned above. Furthermore, the Cu⋅⋅⋅Cu
distance, 3.38(3) Å, is significantly longer than 2.56 Å, the Cu-Cu distance found in
elemental Cu.18 As shown in Table 3.4, the CuO4 and PO4 units adopt bond distances
normally observed in the Cu(II) phosphates.19 More specifically, the Cu-O bond distances
range from 1.92 Å to 1.96 Å, comparable with 1.92 Å, the sum of the Shannon crystal
radii for a four coordinate Cu2+ (0.71 Å) and O2- (1.21 Å).20 The terminal P-O bond
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Figure 3.1 Perspective view of the Cs2Cu3P4O14 structure along the c axis. The pseudo-onedimensional channel, where the Cs+ cations (grey solid circles) reside, is made of the edges
of the CuO4 (blue) and PO4 (yellow) polyhedra.
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Figure 3.2 (Left) Side view of stacked square planar CuO4 trimeric units interconnected by
P2O7. The CuO4 trimer centers around the Cu(1) atom at the center of the inversion
symmetry. The Cu-Cu interaction in the trimeric copper units is indicated by doted lines.
(Right) Top view of the structure showing staggered configuration. The torsion angles
∠O(n)-Cu(1)-Cu(2)-O(m), n12m, are 43.7 (1)o for 6121; 54.7(1)o, 6123; 46.7(1)o, 7123; 36.9
(1)o, 7124; 41.6 (1)o, 6124; 54.6(2)o, 6122; 46.9(2)o, 7122; 34.7(1)o, 7121.
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Figure 3.3 Two sets of symmetry related Cu-O triplets by the c-glide plane are
interlinked through the P(1)O4 unit. One triplet from each set is completed for clarity.
The parallel triplet units are interconnected via P(2)O4 (not shown) of the P2O7
pyrophosphate.
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Figure 3.4 Polyhedral representation showing two parallel [CuP2O7]∞ chains spiral
around the 21 axis interlinked by, for clarity, one of the Cu(1)O4 units (ball-andstick drawing).
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+4

Figure 3.5 Sketches showing the two trimeric units that were under investigation:
the [Cu3O8]10- trimer (left) observed in the Li2Cu3Si4O126c framework and
[Cu3O12]18- trimer (right) found in Cs2Cu3P4O14.
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distances, 1.50-1.52 Å, are similar to 1.52Å, the sum of the Shannon crystal radii for P5+
(0.31 Å) and O2- (1.21 Å). As expected, the bridging distances are longer, 1.626(3) Å for
P(1)-O(5), and 1.616(3) Å for P(2)-O(5).

The bridging angle ∠P(1)-O(5)-P(2) =

132.45(2)o is normal. The corresponding bond valence sum21 confirms the oxidation
states of the Cu2+ and P5+ cations 2.09 for Cu(1), 1.95 for Cu(2), 4.92 for P(1) and 4.95
for P(2).
Cs2Cu3P4O14 forms an interesting spiral [CuP2O7]∞ framework propagating along the
21-screw axis, as shown in Figure 3.4. The spiral structure is formed via vertex sharing
oxygen atoms of square planar CuO4 and pyrophosphate P2O7 units in an alternating
fashion. Cu(2)O4 provides an essential element, allowing the spiral chain to propagate
along the 21- screw axis, while Cu(1)O4 serves as a linker to interconnect the parallel
spiral chains. The flexible [CuP2O7] framework revolves around Cs+ cations suggesting a
template like behavior. In addition, the average Cs-O distance is 3.20 Å (Table 3.4),
which is slightly longer than 3.09 Å, the sum of Shannon crystal radii for an eight
coordinate Cs+ (1.88 Å) and O2- (1.21 Å).
It is interesting to note that Cs2Cu3P4O14 contains spin-trimers that can be related to
those observed in the A2Cu3X4O12 (A/X = Li/Si, Na/Ge) cuprates.6c As shown Figure 3.5
(Cu: blue; O: red circles), the [Cu3O8]10- trimer (left) observed in the Li2Cu3Si4O12
framework, for instance, consists of three co-planar CuO4 units sharing trans edges in a
linear fashion. The stacked trimers are interlinked by the parallel [SiO3]• meta-silicate
chains to form a ladder-like structure. The [Cu3O12]18- trimer found in Cs2Cu3P4O14
possesses three separated CuO4 units instead, and they are interlinked by P2O7 (Fig. 3.2,
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left) to form the staggered structure (Fig. 3.2, right). With respect to structure
condensation from [Cu3O12]18- to [Cu3O8]10-, the formation of fused trimers in the latter can
be considered as the result of a theoretical substitution of the pentavalent P5+ cations with
the tetravalent Si4+ cations. It results in a rather close Cu···Cu distance, 2.96Å, through the
shared O···O edge.9

Powder X-Ray Diffraction
X-ray diffraction data were collected using ground powder of selected crystals and
the as-prepared polycrystalline powder of Cs2Cu3P4O14. The observed powder pattern of
ground single crystals and the polycrystalline powder of Cs2Cu3P4O14 is closely matched
with the one acquired from the single crystal X-ray diffraction studies, except for a few
impurity peaks in the polycrystalline powder pattern as shown in Figure 3.6. These
impurity peaks are due to trace amount of unidentified polycrystalline solids. X-ray
diffraction data were collected using the polycrystalline samples of solid-solution series,
Cs2-xRbxCu3P4O14 (x = 0, 0.33, 0.50, 0.80) as well. The comparison of powder patterns is
given in Figure 3.7. The reflections due to unidentified impurity phase(s) exist
consistently throughout the series. It is obvious that when x-value increases, the powder
pattern shifts to higher 2θ angles in accordance with the trend of smaller unit cells,
having peaks shifted towards higher angles. The powder X-ray diffraction patterns of the
solid-solution series, Cs2-xRbxCu3P4O14 (x = 0, 0.33, 0.50, 0.80) were refined with
WinPLOTR-Fullprof15 program. The cell parameter refinements were performed
according to the given hkl values from those calculated from the single crystal data of
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Cs2Cu3P4O14. The refined cell constants are listed in Table 3.5, again proving that the
higher the x-value contraction of the unit cell occurs and the volume decreases with
increasing x-value.

UV-Vis Diffuse Reflectance Spectroscopy
The electronic absorption spectrum of Cs2Cu3P4O14 was collected at the range of 200
nm (6.2 eV) to 2400 nm (0.5 eV). As shown in Figure 3.8, a narrow band with a
pronounced shoulder is found at 1.69 eV and a broad band with a maximum at 5.57 eV is
also found. The absorption above 3.0 eV can be assigned to LMCT bands which are
originated from PO4 group. These bands are comparable with those in earlier studies.22
The absorption band at 1.69 eV is in the range where the d-d transitions are generally
observed for Cu2+.7a

Magnetic Susceptibility
The title compound exhibits a channel-like structure where the Cs+ cations reside. In
an attempt to study the size effect of monovalent cation to the bulk magnetic properties,
we have successively prepared the Rb+-substituted analogues and examined their
magnetic properties systematically. From the measurements employing the ground
powder from selected crystals as portrayed in Figure 3.9, the temperature dependence of
magnetic susceptibility for Cs2Cu3P4O14 obeys the ideal Curie-Weiss type paramagnetic
behavior over the range 20-300 K along with visible transitions below 20 K. The least-
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Figure 3.6 Observed X-ray powder diffraction patterns (PXRD) of Cs2Cu3P4O14. The calculated PXRD pattern is included for
comparison. The noticeable difference in intensity of the crushed crystals is possibly due to strong preferred orientation. The
major impurity peak in the as-prepared powder is marked with an asterisk.
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Figure 3.7 Observed X-ray powder diffraction patterns (PXRD) of the as-prepared polycrystalline Cs2-xRbxCu3P4O14 samples.
The calculated PXRD pattern of Cs2Cu3P4O14 is included for comparison. The reflections due to unidentified impurity phase(s)
are marked with asterisks, which exist consistently throughout the series.

600

PXRD of
Cs2-xRbxCu3P4O14

Intensity,Arb.
ArbUnit
unit
Intensity,

500
400

x = 0.80

75

300

x = 0.50

200

x = 0.33
x=0

100

* * *
*
* *
** *
** *

*
*
*
*
*

*

*

*

Calculated PXRD
0

5

15

25

35

45

2θ (Cu, Kα), degree
75

55

Table 3.5. Indexed cell parametersa for polycrystalline powder of Cs2Cu3P4O14 (x = 0)
and Cs2-xRbxCu3(P2O7)2 (x = 0.33, 0.50, 0.80) analogs.
c (Å)

β (drg)

10.795(2)

7.794(1)

103.850(9)

6646.5(2)

7.928(1)

10.793(1)

7.788(1)

103.884(7)

6646.9(1)

x = 0.33

7.902(2)

10.772(3)

7.799(2)

103.88(2)

644.5(3)

x = 0.50

7.842(1)

10.687(2)

7.748(1)

103.763(8)

6630.7(2)

x = 0.80

7.831(1)

10.679(2)

7.735(1)

103.810(9)

6628.2(2)

Sample

a (Å)

Crystals

7.914(1)

x=0

b (Å)

V (Å3)

The cell parameters are refined in the monoclinic crystal system. The PXRD pattern is
indexed by the DICVOL program using the diffraction peaks in the range of 5° ≤ 2θ ≤
65°.
a
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squares fit of the molar magnetic susceptibility data at high temperature to the CurieWeiss equation, χ = χo + C/(T - θ), where χ

o

is the temperature-independent

paramagnetism, C is the Curie constant, θ is the Weiss constant and T is temperature,
yielded the best-fit value of χo = 32(6) × 10-5 emu mol-1, C = 0.43(1) emu K mol-1, and θ
= -31(2) K. The calculated µeff of 1.86(3) is slightly higher than the ideal value of 1.73
µB, a spin-only value for the d9 Cu2+ cation. A negative Weiss constant indicates an
antiferromagnetic ordering at high temperature. Cs2Cu3P4O14 shows a weak
ferromagnetic ordering at Tc = ~14 K.
We have successfully prepared the Rb+-substituted analogues and examined their
magnetic properties systematically. Temperature-dependent magnetic susceptibility
measurements of the solid solution series of Cs2-xRbxCu3P4O14 (0.0 ≤ x ≤ 0.8) are shown
in Figures 3.10 - 3.13. According to the χT vs T plots shown in Figure 3.14, it was
noticed that the transition temperature has little dependence on the Rb+ substitution. As
shown in Figure 3.15, the field-dependent magnetization measurements of the Cs2xRbxCu3P4O14,

x = 0.8 phase at 2K shows a small remnant magnetization and a rather

narrow coercive field (< 15 Oe). The small hysteresis suggests that this material exhibits
soft ferromagnetism. In the absence of an obvious Cu-O-Cu superexchange pathway, the
transition suggests the long-range magnetic ordering could be attributed to the Cu-O-PO-Cu super super-exchange7b and even possibly the nearly orthogonal ∠Cu(1)-O(2)Cu(2) 91.2(2)o through the above mentioned Cu(1)-O(2) long bond. The ferromagnetic
interaction begins to dominate as the Cu2+ magnetic centers are brought closer together
because of a decrease in the unit cell volume upon Rb+ doping (Table 3.5). Due to the
presence of unidentified impurity phases in the solid solution series, Cs2-xRbxCu3P4O14
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Figure 3.8 UV-vis diffuse-reflectance spectra of Cs2Cu3P4O14.
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Figure 3.9 Temperature-dependent magnetic susceptibility of Cs2Cu3P4O14 at
0.5 T.
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Figure 3.10 Temperature-dependent magnetic susceptibility of the solid
solution series of Cs2-xRbxCu3P4O14 ; x = 0.
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Figure 3.11 Temperature-dependent magnetic susceptibility of
solid solution series of Cs2-xRbxCu3P4O14 ; x = 0.33.
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Figure 3.12 Temperature-dependent magnetic susceptibility of the solid
solution series of Cs2-xRbxCu3P4O14 ; x = 0.5.
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Figure 3.13 Temperature-dependent magnetic susceptibility of
the solid solution series of Cs2-xRbxCu3P4O14 ; x = 0.80.
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Figure 3.14 χT vs. T plots of solid solution series of Cs2-xRbxCu3P4O14 (0.0 ≤ x ≤ 0.8).
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Figure 3.15 Field dependence of the magnetization of Cs2-xRbxCu3P4O14, x = 0.8,
phase measured at T = 2 K.
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(0.0 ≤ x ≤ 0.8), how these phases affect the magnetic measurements is an important
question. As shown in Figurs 3.9 and 3.10, the susceptibility curves obtained for single
crystals of Cs2Cu3P4O14 and Cs2-xRbxCu3P4O14; x = 0 phase, look similar. It turns out that
the effect of these unidentified phases on magnetic measurements is negligibly small,
meaning that the observed magnetic properties of solid solution series, Cs2-xRbxCu3P4O14
(0.0 ≤ x ≤ 0.8) are still realiable.
In conclusion, a new cesium copper(II) phosphate and its Rb+-substituted analogues
Cs2-xRbxCu3P4O14 (0.0 ≤ x ≤ 0.8) were investigated. The synthesis and crystal growth of
Cs2Cu3P4O14 were carried out at high temperature employing a mixed CsCl/2CsI molten
flux. The structure is characterized by the staggered triple CuO4 units embedded in a
nonmagnetic phosphate oxyanion matrix. Given the weak ferromagnetic coupling and
long Cu···Cu intercluster distance (> 4.91 Å), this compound series can be viewed as a
molecular-like quantum magnetic solid that contains periodic arrays of TM-oxide
magnetic nanostructures. The high-temperature magnetic data indicate that the Cu-O
framework exhibits a spin-1/2 ground state and Curie-Weiss paramagnetic behavior. It
shows weak ferromagnetic coupling and the transition occurs at Tc = ~14 K, independent
of the Rb+ substitution. Nonetheless, the current work in the exploratory synthesis of TMcontaining oxy compounds has given a new perspective to the continued investigation of
new

magnetic

insulating

materials,

and

we

will

discuss

more

interesting

magnetochemsitry in this class of compounds containing magnetic nanostructures in next
chapters.
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CHAPTER 4

Mn4O4 CUBANE IN AN ANTI-ReO3-TYPE CESIUM CHLORIDE LATTICE:
SYNTHESIS STRUCTURE AND MAGNETIC PROPERTIES OF NONCENTROSYMMETRIC (Cs3Cl)Mn4O4(AsO4)3
Introduction

The development of advanced technology for magnetic storage by increasing the
amount of data stored on a magnetic disk has reached a level such that magnetic materials
have to be fabricated on a nanometer scale for ultimate high density information storage.1
This fact has increased the motivation of scientist to strive to grow and characterize
nanoscopic magnetic materials in smaller and smaller length scales. With this in mind,
single molecular magnets (SMMs) have been proposed for high density information
storage where each bit of information would be stored in a single molecule.2 In this
approach, magnetic clusters are encapsulated by organic molecules to achieve necessary
quantum confinement of magnetic spin. We foresaw that by building up well-defined
small transition metal-oxide based magnetic clusters embedded in oxyanion-based nonmagnetic insulating materials such as silicates, phosphates and arsenates, where structural
isolation and electronic insulation can be achieved.3 These include, for instance, (1)
La4Ti(Si2O7)2(TiO2)4m containing single- (m = 1) and double- (m = 2) sheets of mixedvalent rutile [(TiIII/IVO2)4m]4- slabs4 and (2) (Ba3Nb6Si4O26)n(Ba3Nb8O21) (n = 1~4)
possessing slabs of the ReO3-type mixed-valent niobate(IV/V) columns.5 There are also
other examples characterized by nanostructures of spin-sheet NaMnAsO4, spin-chain βNaCuPO4,6 Ba2Cu(PO4)2,7 spin-tetramers Cu2PO4, 8 Na5ACu4(AsO4)4Cl2 (A = Rb, Cs),9
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NaCuAsO4,10 and spin-trimers A2Cu3X4O12 (A/X = Li/Si, Na/Ge)8c,11, Cs2Cu3P4O14.12
The title compound is particularly interesting because it contains the simplest Mn4O4
cubane core which provides a good model for the fundamental study of spin behaviors of
nanometer-sized magnetic particle.
Over the last few years, our exploration of salt inclusion reactions has attracted much
attention since it gave rise to a new route for the synthesis of porous frameworks that are
templated by extended alkali or alkaline-earth halide salts.13 Using salts as a template
represents a promising route to the synthesis of new spin clusters as well. Herein we
report the first inorganic-based genuine Mn4O4 cubane containing compound,
(Cs3Cl)Mn4O4(AsO4)3, synthesized using a high temperature CsCl flux where each
Mn4O4 cubane resides in one anti-ReO3 type (Cs3Cl) cage.
Several transition-metal-based cubane cores encapsulated by organic ligands have
been reported before such as [Cu4O4],14 [Ni4O4],15 [Co4O4],16 [Fe4O4],17 [Mo4O4],18
[V4O4]19 and [W4O4].20 During our exploratory synthesis for new compounds having
confined magnetic nanostructures, a tetranuclear cubane-like arsenate compound,
(Cs3Cl)Mn4O4(AsO4)3 was isolated. A manganese cubane core structure, [Mn4O4]
consisting of a perfect tetrahedron with manganese at the alternating vertices of the
cubane, has not been previously reported, and this discovery provides an excellent
opportunity to understand the phenomenon of geometric magnetic frustration in a simple
tetrahedral lattice. In this chapter we discuss the synthesis, structure and magnetic
properties of newly discovered (Cs3Cl)Mn4O4(AsO4)3.
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Synthesis and Characterization of (Cs3Cl)[Mn4O4](AsO4)3

Synthesis
Black crystals of (Cs3Cl)Mn4O4(AsO4)3 were grown employing CsCl flux in a fused
silica ampoule under vacuum. MnO2 (0.74 mmol, 99+%, Aldrich), Mn2O3 (1.12 mmol,
99.999+%, Aldrich) and As2O5 (1.12 mmol, 99+%, Strem) were mixed and ground with
flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture was heated to
600°C at 1°C min-1, dwelled for two days, heated to 750°C at 1°C min-1, dwelled for two
days, then slowly cooled to 400°C at 0.1°C min-1 followed by furnace-cooling to room
temperature. Pyramid-shaped crystals of (Cs3Cl)Mn4O4(AsO4)3 were retrieved upon
washing off the salt with deionized water using suction filtration.

Single Crystal X-Ray Diffraction
Single crystals of (Cs3Cl)Mn4O4(AsO4)3 were physically examined and selected
under an optical microscope. The data crystal was mounted on a glass fiber with epoxy
for the X-ray diffraction study. The data were collected at room temperature and the
structure was solved by direct method using the SHELXL-97 program.21 Table 4.1
reports the crystallographic data of the title compound. The atomic coordinates and the
thermal parameters are listed in Tables 4.2 and 4.3, respectively. Selected bond distances
and angles are listed in Table 4.4.
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UV-Vis Diffuse Reflectance Spectroscopy
Optical absorption spectrum of the title compound was recorded on a PC-controlled
SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating sphere. A
black crystal sample of the (Cs3Cl)Mn4O4(AsO4)3 was ground and smeared onto Fisher
brand filter paper for data collection. The reflectance data were collected in the range of
200 nm (6.2 eV) to 2400 nm (0.5 eV) using slow scan speed and then the data were
converted manually into arbitrary absorption units using the Kubelka-Munk function.22

Magnetic Susceptibility
Temperature- and field-dependent magnetic measurements of (Cs3Cl)[Mn4O4](AsO4)3
were carried out with a Quantum Design SQUID MPMS-5S magnetometer. The
measurements were taken from 2 K to 300 K in the applied field of H = 0.5 T. Selected
crystals of (Cs3Cl)Mn4O4(AsO4)3 (15.3 mg) were ground and contained in a gel capsule
sample holder. The magnetic susceptibility was corrected for the gel capsule and core
diamagnetism with Pascal constants.23

Results and Discussion
During our exploratory synthesis for new compounds having confined magnetic
nanostructures, a tetranuclear cubane-like arsenate compound, (Cs3Cl)Mn4O4(AsO4)3 was
isolated for the first time. The structure consists of Mn4O4 cubanes, AsO4 tetrahedra and
an anti-ReO3 type (Cs3Cl) lattice. The cubanes are formed by four MnO6 octahedral units
(Figure 4.1a) where each MnO6 shares three cis edges with three others. The Mn4O4 cores

90

Table 4.1 Crystallographic Data for (Cs3Cl)Mn4O4(AsO4)3
Chemical formula
(Cs3Cl)Mn4O4(AsO4)3
Crystal color, shape

Black, Pyramidal

Crystal size (mm)

0.12 × 0.09 × 0.09

Formula weight (amu)

1134.70

Space group

P-43m (No. 215)

a, Å

7.8347(9)

V, Å3

480.9(1)

Z

1

ρ calcd, g/cm3

3.918

Linear abs. coeff., mm-1

1.0000-0.7770

F000

509

T, (K) of data collection

300(2)

Reflections collected

4067

Reflections unique

195

Rint /Rsigmaa

0.0360/0.0931

Parameters refined (restraints)

23(0)

Final

R1/wR2b/goodness

of fit (all data)

0.0360/0.0931/1.140

Largest difference peak /hole(e- / Å3 )
a

1.367/-1.641

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];
2

b

1/2

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0. 0436 P)2 + 6.2587 P] where P = (FO2 + 2FC2)/3.
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Table 4.2 Atomic Coordinates and Equivalent Displacement Parameters for
(Cs3Cl)Mn4O4(AsO4)3
Wyckoff
Atom
notation Occupancy
Uiso (Å2 )a
x
y
z
6g
0.25
-1/2
-0.051(3)
-1.50000
0.024(2)
Cs(1)
Cs(2)

6g

As (1)

-1/2

-0.067(7)

-1.50000

0.09(2)

3d

-1/2

0

-1.00000

0.0126(5)

Mn(1)

4e

-0.1317(2)

-0.1317(2)

-1.1317(2)

0.0147(7)

O(1)

12i

-0.3804(9)

-0.1260(6)

-1.1260(6)

0.021(1)

O(2)

4e

0.1165(8)

-0.1165(8)

-1.1165(8)

0.013(2)

Cl(1)

1b

-1/2

-1/2

-1/2

0.21(2)

a

0.25

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.

Table 4.3 Anisotropic Thermal Parameters (Å2)a for (Cs3Cl)Mn4O4(AsO4)3
Atom U11
U22
U33
U12
U13
U23
Cs(1)

0.014(3)

0.042(4)

0.014(3)

0

-0.007(4)

0

Cs(2)

0.034(5)

0.20(5)

0.034(5)

0

-0.011(7)

0

As (1)

0.0121(9)

0.0128(6)

0.0128(6)

0

0

0

Mn(1)

0.0147(7)

0.0147(7)

0.0147(7)

0.0008(6)

0.0008(6)

0.0008(6)

O(1)

0.018(3)

0.023(2)

0.023(2)

0.001(2)

0.001(2)

-0.007(3)

O(2)

0.013(2)

0.013(2)

0.013(2)

0.003(3)

0.003(3)

-0.003(3)

Cl(1)

0.21(2)

0.21(2)

0.21(2)

0

0

0

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 4.4 Bond Distances (Å) and Angles (deg) for (Cs3Cl)Mn4O4(AsO4)3
Mn(1)O6 Octahedra
v

Mn(1)-O(1)

1.950(8)
ix

Mn(1)-O(2)x

1.954(6)

Mn(1)-Mn(1)

2.923(5)

O(1)v-Mn(1)-O(1)

92.7(3)

O(2)-Mn(1)-O(2)xi

88.0(3)

O(1)-Mn(1)-O(1)ix

173.0(4)

Mn(1)-O(2)-Mn(1)x

96.8(4)

O(1)v-Mn(1)-O(2)x

92.1(3)

Mn(1)xi-Mn(1)-Mn(1)x

60

ix-

O(1) Mn(1)-O(2)

82.7(5)
As(1)O4 Tetrahedra

As(1)-O(1)i

1.679(8)

O(1)i-As(1)-O(1)ii

108.1(3)

O(1)i-As(1)-O(1)

112.3(5)

[Cs-O] Polyhedra
Cs(1)-O(1)xiii

3.125(5)

Cs(1)-O(1)xv

3.391(5)

O(1)xiii -Cs(1)-O(1)ix

159.9(4)

xiii

O(1)

-Cs(1)-O(1)

xiv

Cs(2)-O(1)xvii

3.231(4)

O(1)xv-Cs(1)-O(1)xvii
iii

xvii

49.2(3)

53.7(3)

O(1) -Cs(1)-O(1)

130.2(3)

O(1)xiii-Cs(1)-O(1)

122.1(3)

O(1)xiv -Cs(2)-O(1)

144.4(3)

O(1)xv -Cs(2)-O(1)

95.35(7)

O(1)xiiiCs(2)-O(1)xiv

51.8(3)

O(1)xiii-Cs(1)-O(1)xv

143.3(3)

O(1)ix-Cs(2)-O(1)xvi

146.3(3)

O(1)ix-Cs(1)-O(1)xv

49.1(3)

O(1)xiv -Cs(2)-O(1)ix

115.6(3)

xv

iii

xiii-

xvii

O(1) -Cs(1)-O(1)
O(1)

Cs(1)-O(1)

107.4(3)
94.22(9)

xv

O(1) -Cs(2)-O(1)
v-

iii

Cs(1) O(1)-Cs(1)
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xvii

51.8(3)
117.6(2)

Table 4.4 (cont’d) Bond Distances (Å) and Angles (deg) for (Cs3Cl)Mn4O4(AsO4)3
[Cs-Cl] Polyhedra
Cs(1)-Cl(1)xviii

3.477(9)

Cs(2)-Cl(1)xix

Cs(1)xx-Cl(1)-Cs(1)xxi

180

Cs(1)vi -Cl(1)-Cs(2)xxiv

xx

xx

3.9174(5)

xxiv

180

vi

Cs(1) -Cl(1)-Cs(1)

90

Cs(1) -Cl(1)-Cs(2)

90

Cs(1)vi-Cl(1)-Cs(2)xxi

90

Cs(2)xxi -Cl(1)-Cs(2)v

90

Symmetry transformations used to generate equivalent atoms: (i) x,-y,-z-2; (ii) -x-1,y,-z2; (iii) -x-1,-y,z; (v) z+1,x,y-1; (ix) y,z+1,x-1; (x) -x,-y,z (xi) -x,y,-z-2; (xiii) -y-1,z+1,-x2; (xiv) -x-1,y,-z-3; (xv) y,-z-1,-x-2; (xvi) -y-1,-z-1,x-1; (xvii) x,-y,-z-3.
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are connected to each other by arsenate groups where each core is surrounded by six
arsenate groups, chelating to Mn sites across the faces of the cube (Figure 4.1b). The
cubane-type array of alternating manganese and oxygen atoms give intracubane metalmetal distances of 2.923 Å. The interconnected Mn4O4 cubanes form a genuine threedimensionally arranged alternating Mn4O4 cubanes and AsO4 tetrahedra as shown in
Figure 4.2.
According to the overall formula of this compound, the manganese cations adopt a
mixed-valence oxidation state in the [Mn4O4]7+ core formally equivalent to three Mn4+
and one Mn3+. However this leaves an ambiguity since there is only one
crystallographically independent manganese, which suggests that the charges are not
localized. This issue can be supported using several different approaches including bond
valence sum analysis, Shannon crystal radii comparison, and Jahn-Teller distortion. The
above mentioned unique manganese atom is octahedrally coordinated to six oxygen
atoms where three of them are arsenate oxygens, O(1), and the rest are µ3-oxo (triple
bridging) oxygens, O(2), as shown in Figure 4.1a. The Mn-O bond distances are 1.956 Å
and 1.952 Å for arsenate and µ3-oxo oxygens, respectively. The bond angles for ∠O(1)Mn-O(1) and ∠O(2)-Mn-O(2) are 92.77o and 82.61o, respectively. Given the two sets of
Mn-O bond distances and angles, while the overall Mn4O4 cubane remains the Td point
group, the local symmetry of MnO6 is C3V. Shannon crystal radii24 comparison of this
unique Mn ion indicates an intermediate (mixed-valence) state of Mn3+and Mn4+. The
sums of the Shannon crystal radii for a six coordinate Mn4+ (0.67 Å) vs. Mn3+ (0.78 Å)
and three-coordinate O2- (1.22 Å) are 1.89 Å vs. 2.00 Å, respectively. However the
observed bond distances, 1.95 Å (Table 4.4) in MnO6 are in between the sum of the
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(a)

(b)

Figure 4.1 (a) Six coordinate manganese where three of them are arsenate
oxygens, O(1) and the others are µ3- oxo oxygens, O(2). (b) Structure of
[Mn4O4(AsO4)6] showing AsO4 tetrahedra bridging between the manganese pairs
across each of the six Mn2O2 faces of the cube.
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Figure 4.2 Structure of [Mn4O4(AsO4)3]2+ where the transition metal oxide Mn4O4
cubanes are interconnected by AsO4 tetrahedra in three dimensions.
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Shannon crystal radii for Mn3+-O and Mn4+-O. The bond valence sum calculations25 for
manganese in the Mn4O4 cubane give the value of 3.55 based on the parameters for Mn3+,
and 3.48 based on the parameters for Mn4+. The results of the calculations support the
existence of mixed oxidation states for the manganese of 3+ and 4+. These values are
comparable with 3.75, the average oxidation state of Mn in [Mn4O4]7+. In Mn4O4 cubane,
the Mn-Mn distance is 2.923 Å and this is comparable to those Mn-Mn distances
(varying between 2.904 Å and 2.954 Å) in the mixed valence Mn3+/Mn4+, Mn4O4 cubane
containing compound, Mn4O4(O2P(Ph)2)6.26
The six-coordinate manganese in this compound is not a perfect octahedron so that it
is possible to employ the Jahn-Teller theorem to rationalize the distortion based on the
Mn4+ and Mn3+ oxidation states. According to crystal field theory, the metal-ligand
interactions can be viewed as electrostatic or ionic. For an ideal octahedral complex with
negatively charged ligands being placed along the x, y, and z axes of the metal ion, the d
orbitals, dz2, dx2-y2 (eg) sitting along the axes are subjected to stronger (electron-electron)
repulsion compared to the diagonal orbitals, dxy, dxz, dyz (t2g) between the axes. The d
orbitals, therefore, split in energy levels into eg and t2g where eg orbitals are higher in
energy compared to t2g orbitals. The extent of the octahedral splitting, ∆o, between t2g and
eg orbitals is affected by the nature of the ligand where weak field ligands cause lower ∆o
so that high spin complexes are formed. In the presence of a strong field ligand, since ∆o
is large compared to the paring energy, the electrons tend to pair in the lower-energy t2g
orbitals. Since O2- is a weak field ligand, high spin complexes are expected to form.
According to Jahn-Teller theorem, when either t2g or eg orbitals are asymmetrically filled,
such as t2g3 eg0 for Mn4+ and t2g3 eg1 for Mn3+, structural distortion is anticipated where
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they have different bond lengths such as two longer and four shorter or vise versa. When
the elongation occurs along the three-fold rotational axis, such as in this case, it adopts a
trigonal antiprismatic geometry.
The geometry of the MnO6 polyhedron approximately resembles the antiprismatic
arrangement with C3V symmetry, therefore the orbital splitting is different from an Oh
environment. In this environment where the arbitrary z axis is parallel with C3, the metal
d level is split into e1 (dx2-y2, dxy), a (dz2) and e2 (dxz, dyz). In this case the d orbitals, dx2-y2
and dxy, feel a decrease in electrostatic repulsion from the oxygen ligands so that these
two orbitals have lower energy. Since the oxygen ligands orient towards xz and yz
planes, the orbitals, dxz and dyz rise in energy. Since the oxygen ligands do not coincide
with the z axis the energy of dz2 orbitals is less than that of dxz and dyz but higher than that
of dx2-y2 and dxy. If we consider MnO6, Mn4+ has a d3 configuration, it is a J-T cation with
an anti-trigonal prismatic distortion, and subsequently the dx2-y2, dxy and dz2 orbitals are
singly occupied. A related Mn-O cluster has been observed in the first single molecular
magnet, [Mn12O12(CH3COO)16(H2O)4]⋅2CH3COOH⋅4H2O27, and the comparison of MnO bond distances also leads us to believe the presence of the mixed-valent state. The
compound consists of a Mn12O12 cluster with eight Mn3+ ions and four Mn4+ ions that are
“octahedrally” coordinated. It can be observed that there is a Mn4O4 cubane embedded
within the Mn12O12 cluster where all four manganese ions in the cubane are Mn4+ and in
the Mn4O4, the Mn-O bond distance is 1.901 Å and the Mn-Mn distance across the faces
of the cube is 2.820 Å. In (Cs3Cl)Mn4O4(AsO4)3, the Mn-Mn (2.923 Å) and Mn-O (1.952
Å) distances in the Mn4O4 cubane are homogeneous and these distances are slightly
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longer than those of Mn4O4 in the Mn12O12 cluster. The longer Mn-O distance once again
indicates a possible reduction of manganese cations to Mn3+.
Based on the factors discussed above, we can conclude that the cubane is an
electronically delocalized system and it can be formulated as [(Mn4+O2-)4e-]7+. Taking
into account the Mn4O4 cubane and the six identical arsenate tetrahedra coordinated to
the Mn2O2 faces of the cubane it is possible to assign, as stated previously, a Td point
group for the [Mn4O4(AsO4)3] unit. This is also apparent by the fact that the arrangement
of Mn atoms in the cubane with six identical Mn-Mn distances forms a perfect
tetrahedron with manganese at the alternating vertices of the cubane in the title
compound as shown in Figure 4.3. Since the Mn4 fragment has C3 axes, three C2 axes, six
mirror planes and three S4 improper rotational axes, it is consistent with a Td point group
symmetry for the Mn4 tetrahedron.
The structure of Mn4O4 cubane can be alternatively described as two MnO2Mn units
connected in orthogonal fashion. As shown in Figure 4.4, each Mn4+ ion is surrounded by
six oxygen anions where the dx2-y2 orbitals should approximately coincide with
(O1)(MnA)(O2A)

and

(O1)(MnA)(O2B)

(so

as

(O2B)(MnB)(O1)

and

(O2A)(MnB)(O1)) while the dz2 orbitals should coincide with (O2)(MnA)(O1) and
(O2)(MnB)(O1). The lobe of the p orbital of O2A should point directly towards MnA on
one side and MnB the other to overlap with dx2-y2. The dz2 orbitals coinciding
(O2)(MnA)(O1) and (O2)(MnB)(O1) should overlap with the p orbitals of the oxygens
(O2) which are part of the other MnO2Mn unit, orthogonal to the previously described
one. The dxy orbital axis should then bisect the ∠(O2A)(MnA)(O2B) and
∠(O2A)(MnB)(O2B) where the dxy orbitals of MnA and MnB could possibly overlap in
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the center of the (MnA)(O2A)(MnB)(O2A) plane. These arrangents enticed us to study
the magnetic properties of the title compound, see below, since magnetic properties of
perfect Mn4O4 cubane has not been studied before.
We have demonstrated the utility of salt inclusion reactions where in this case the
framework can be viewed alternatively as made of anti-ReO3 type (Cs3Cl) cages with
each Mn4O4 cubane residing in one salt cage. Figure 4.5 shows a structure of eight
(Cs3Cl) cages centered by the Mn4O4 cubanes that are interlinked by AsO4 units. We
suggest that the salt structure that persists in the molten state plays an important role in
the formation of an ordered lattice (Cs3Cl). Chloride anions are coordinated with six
cesium cations in a octahedral geometry, whereas cesium cations are two-coordinate with
chloride anions. The title compound exhibits a composite structure of magnetic and
insulating components where the magnetic component contains highly ordered Mn4O4
magnetic core and the insulating component consist of ionic framework of the alkali
metal chloride lattice, Cs3Cl, as shown in Figure 4.6. We speculated that the cesium
chloride lattice facilitates the formation of highly ordered Mn4O4 cubane. It is known that
magnetic coupling between ions occurs through superexchange28 by which spin-spin
coupling of magnetic ions in anti-parallel fashion through electrons in the p orbital of O2ion. Although the Mn-Mn distance (2.923 Å) is short enough for significant direct
magnetic interaction to occur, the dominant interactions are assumed to be mediated
through the MnO2Mn bridge between the edge-shared MnO6 polyhedra as shown in
Figure 4.4. Since dx2-y2 orbitals are singly occupied it is surely happening via
superexchange pathway through the µ3-oxo-oxygen. Since the two electrons in p the
orbitals of the O2- coupled antiparallel, the two neighboring Mn4+ ions should have their
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(a)

(b)

Figure 4.3 (a) Edge-sharing MnO6 octahedra in the cubane with six identical Mn-Mn
distances forms a perfect tetrahedron with manganese at the alternating vertices of the
cubane (b) Mn4O4 cubane showing each of the four µ3-oxo oxygens (red solid circle)
bridges three manganese (blue) atoms. The cubane has a idealized Td symmetry.
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Figure 4.4 Diagram showing the overlap of p orbitals of bridging oxygen with the dx2-y2
orbitals of manganese ions in the Mn4O4 cubane.
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(a)

(b)

Figure 4.5 (a) Anti-ReO3-type (Cs3Cl) salt cages (solid circles in black, Cs, and
green, Cl, colors) chloride anions are six coordinated with cesium cations in a
octahedral geometry while cesium cations are two coordinated with chloride anions
(b) Anti-ReO3-type (Cs3Cl) salt cages that are centered by Mn4O4 cubanes
interconnected by AsO4 tetrahedra.
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Figure 4.6 Anti-ReO3 type (Cs3Cl) salt cages (solid circles in black, Cs, and green,
Cl, colors) that are centered by Mn4O4 cubanes (polyhedral drawing)
interconnected by AsO4 tetrahedra (ball-and-stick drawing).

105

spins aligned in opposite directions. The highly symmetric nature of the Mn4O4 cubane
allows us to consider that all the intracubane magnetic interactions are equivalent, and
this scenario paves the way for us to discuss magnetic frustration in the Mn4O4 cubane.
When frustration arises purely from the geometry of the lattice it is termed geometric
frustration.29 If we consider a lattice based on an equilateral triangle, it depicts the
situation for the three nearest neighboring spins where the condition favors the
antiparallel correlation between two spins and it is obvious that only two of the three spin
constraints can be satisfied, meaning that the system is geometrically frustrated. A
tetrahedron composed of four edge-sharing equilateral triangles is also a geometrically
frustrated system, since only two of the four equivalent nearest neighbors interactions can
be satisfied simultaneously. Since the manganese ions of the title compound in the
cubane make a perfect tetrahedron, this can be considered a frustrated magnetic system so
that while two of the manganese have their spins coupled in antiparallel fashion the other
two are subject to frustration.

UV-Vis Diffuse Reflectance Spectroscopy
To understand the electronic nature of the cluster, a UV-vis study was performed. The
electronic absorption spectrum of (Cs3Cl)Mn4O4(AsO4)3 was collected in the range of 200
nm (6.2 eV) to 2400 nm (0.5 eV). As shown in Figure 4.7, four distinct bands are found
at 1.07 eV, 2.38 eV, 3.06 eV and 3.55.eV. The absorption above 3.0 eV can be assigned
to LMCT bands. The absorption bands below 3.0 eV are in the range where the d-d
transitions are generally observed. The complicated absorption bands below 3.0 eV could
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be attributed to the distorted MnO6 geometry, as well as mixed-valence manganese in the
title compound.

Magnetic Susceptibility
In

order

to

get

better

understanding

of

the

magnetic

coupling

of

(Cs3Cl)Mn4O4(AsO4)3, and especially to confirm the superexchange interaction in the
isolated cubane, magnetic susceptibility measurements were performed. Variable
temperature and field magnetic studies were performed on ground crystals of
(Cs3Cl)Mn4O4(AsO4)3 using Quantum Design SQUID MPMS-5S magnetometer. The
temperature dependence of magnetic susceptibility in an applied field of 100 Oe is shown
in Figure 4.8 and a sharp χT drop is observed at low temperature. As shown in Figure 4.9
the χ (molar susceptibility) vs. T and 1/χ vs. T plots in the same temperature range (2 K300 K) with a higher applied field of 5000 Oe obeys the Curie-Weiss type paramagnetic
behavior at high temperatures. The least-squares fit of the 150-300 K temperature data to
the Curie-Weiss equation, χ = C/(T - θ), where C is the Curie constant, and θ is the Weiss
constant, yielded the best-fit values of C = 11.93(9) emu·K/mol, and θ = -73(2) K for the
susceptibility at 100 Oe. The same best-fit values for 5000 Oe are C = 12.43(4)
emu·K/mol, and θ = -77(1) K. The calculated effective magnetic moments, µeff, are
9.81(7) and 10.01(4) µB per formula unit, which are higher than the spin only value of
8.30 µB (for the sum of three d3 Mn4+ and one d4 Mn3+ ions). Taking into account the
orbital contribution, however, one can see that these values are much more comparable
with the calculated value 10.50 µB.
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As shown in Figure 4.8, the 1/χ vs T plot deviates from linearity. This is because at
high temperature range, antiferromagnetic coupling is dominant so that larger and
negertive Weiss constant, θ is observed. However at low temperature ranges, magnetic
coupling tends to become less antiferromagnetic (ferrimagnetic) and Weiss constant, θ
adopts less negative values.
Recently, considerable research effort has been focused on the studies of cubane-type
polynuclear complexes due to their interesting magnetic properties. Although cubane
type complexes of the type of M4O4 (M = transition metal) have been extensively
investigated, reports on studies of magnetic properties of highly symmetric M4O4 cubane
core are lacking. For instance although highly symmetric Mn4O4 cubane containing
compound [Mn4((C5H4N)2C(OH)2-H)4Cl4]·H2O which crystallize in cubic crystal system
(space group: I43d) has been prepared30 but no magnetic studies has been performed.
Tetranuclear cubane-like nickel complexes have attracted significant interest due to the
presence of ferromagnetic interaction in tetranuclear cubane nickel compounds. In these
compounds the most important parameter considered in the magnetostructural correlation
of the Ni4O4 cubane core is the Ni-O-Ni angle. The ferromagnetic interactions between
nickel ions is observed when Ni-O-Ni angle is lower than 98°.31 For instance magnetic
properties of a cubane-like Ni4 tetranuclear complex with the general formula
[Ni4(C5H11O3(CH3CN)4](NO3)4·1.33NaNO3 has been investigated.32 In this cubane there
are three different Ni-O-Ni angles and these are equal to 97.25° for two opposite faces
and to 97.04° and 97.95° for the other four faces. Magnetic studies on this compound
revealed the presence of ferromagnetic interactions at low temperatures and this
corresponds to a Ni-O-Ni angle about 98°. However this compound can exhibit hysteresis
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only at extremely low temperatures, e.g., 0.4 K and below, with an extremely small
coerceive field.
In (Cs3Cl)Mn4O4(AsO4)3, due to highly symmetric Mn4O4 cubane, there are
homogeneous Mn-Mn distances of 2.923 Å and Mn-O-Mn angles of 96.8° within the
cubane. This means all the intracubane magnetic interactions are equivalent. The
antiferromagnetic nature of this compound suggests that Mn-O-Mn angles of 96.8° is not
low enough to show ferromagnetic interactions. The field dependence of the
magnetization of title compound is shown in Figure 4.10. The M vs. H plot taken at 2 K
suggests a soft ferromagnet (with a coercive field of 5 Oe), however this is reminiscent of
the examples of nanoparticles that have achieved a superparamagnetic state. As shown in
Figure 4.11, at high temperatures the magnetization curves become linear, indicating the
system has achieved paramagnetic behavior.
Since the title compound has a perfect Mn4O4 cubane, it has homogeneous Mn-Mn
distances (2.923 Å), and therefore one coupling constant, J within the cubane is expected.
We calculated the exchange coupling constant in the title compound through
collaboration with Drs. Xing Gao and Murray Daw of the Department of Physics and
Astronomy

at

Clemson

University.

The

spin

exchange

interaction

of

(Cs3Cl)Mn4O4(AsO4)3 was estimated by first-principles density functional theory total
energy calculations using the full-potential all-electrons linearized augmented plane wave
plus local orbital method as incorporated in WIEN2k.33 The Generalized Gradient
Approximation (GGA)34 for the exchange correlation potential was adopted in our
present study. Atomic sphere radii were 1.94 au for Mn, 1.58 au for As and O, and 2.5 au
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Figure 4.7 (a) UV-vis diffuse-reflectance spectra of (Cs3Cl) Mn4O4(AsO4)3. (b)
Morphology of single crystals of (Cs3Cl)Mn4O4(AsO4)3.
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Figure 4.8 Temperature-dependent magnetic susceptibility of (Cs3Cl)Mn4O4(AsO4)3 at
0.01 T. The inset shows the χT vs T plot at 0.01 T.
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Figure 4.9 Temperature-dependent magnetic susceptibility of (Cs3Cl)Mn4O4(AsO4)3 at
0.5 T. The inset shows the χT vs T plot at 0.5 T.
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Figure 4.11 The field dependence of magnetization measured at different temperatures: 2
K (pentagons), 5 K (diamonds), 7 K (triangles up), 12 K (circles), 28 K (squares), 38 K
(stares).
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for Cs and Cl. The plane-wave cutoff RMTKmax=6.15 was used in this calculation. The
wave functions, the charge density and the potentials were expanded in terms of spherical
harmonics inside the muffin-tin spheres. The cutoff angular momentum (lmax) is 10 for the
wave functions and 6 for the charge density and potentials. Brillouin zone (BZ)
integration for self-consistency is performed with an improved tetrahedron method, using
1000 k points in the first Brillouin zone. The total energies were converged to within 10-5
Ry per formula unit. For the current study, calculations were performed using the
experimental lattice constants and ionic sites, except the Cs sites. The total energy of a
magnetic system can be generally separated into a non-magnetic energy ENM(V), a singlesite magnetization energy EM(V,mi) caused by intra-atomic interactions, and an exchange
energy caused by interatomic interactions, by ignoring anisotropy energy and
magnetostriction effects. Assuming that the exchange energy is described by an Ising
Hamiltonian, the total energy for a given spin configuration can be written as:

E (V , M ) = E NM (V ) +

∑E
i

M

( m i , V ) − J 1 ∑ S zi ⋅ S zj
ij

where mi is the magnetic moment on site i, Szi is the z component of the ith magnetic
moment of the given spin configuration and takes the value of ±1 in the Ising model.
Here, only the first nearest neighbor Mn-Mn exchange interaction J1 is considered, since
all the Mn4O4 cubanes are well separated in this crystal structure. In general the
magnetization energy EM(V,mi) depends on both the magnetic moments and magnetic
configurations. In the present study, we ignored these dependences.
In order to obtain the exchange interaction J1, two ordered spin configurations were
considered in our calculations. In ferromagnetic state (FM), all magnetic moments in the
Mn4O4 cubane are parallel to each other, resulting in 6 parallel magnetic moment pairs
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within the Mn tetrahedron. An antiferromagnetic ordered state (AFM) is constructed by
flipping one magnetic moment in the FM state to make it antiparallel to the other three.
Therefore there will be 3 antiparallel magnetic moment pairs and 3 parallel magnetic
moment pairs within the Mn tetrahedron in this AFM state. The calculated magnetic
moment on Mn is 2.49 µB in the FM state, and are three 2.64 µB and one 2.81 µB in the
AFM state. This indicates that Mn tends to take a high spin state with valence 4+. The
AFM state is more energetically favorable than the FM state. Comparing the calculated
energy differences between the two ordered states per formula unit, we obtained the
exchange interaction J1 of -5.7 meV, corresponding to J1/kB = -66 K. This calculated J1 is
slightly different than the value (-73~77K) deduced from the susceptibility fitting from
150-300K. Such a discrepancy is not surprising because DFT calculations tend to
overestimate the magnitude of spin exchange interactions by up to a factor of four.35
In conclusion, we have synthesized the first inorganic based genuine Mn4O4 cubane
containing compound where the cubanes reside in one anti-ReO3-type (Cs3Cl) cage via a
salt inclusion reaction. This also represents a promising route to synthesize new spin
clusters. The manganese cubane core structure, [Mn4O4] is a perfect tetrahedron with
manganese at the alternating vertices of the cubane, and has not been previously isolated.
To the best of our knowledge, title compound is the first example that has highly
symmetric Mn4O4 cubane core of which the magnetic behavior has been studied. The
nonmagnetic AsO4 groups surrounding the Mn4O4 cubane cores provide sufficient gap to
minimize the inter cubane magnetic interaction. This means the that the Mn4O4 core is
perfectly insulated by the nonmagnetic aresenate matrix and the intercubane magnetic
interactions are generally negligible. Since the field dependent magnetic studies shows
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superparamagnetic type behavior in (Cs3Cl)[Mn4O4](AsO4)3 similar to that in
nanoparticles, we can assume that magnetic clusters can be encapsulated by insulating
materials such as arsenates to achieve the necessary quantum confinement of magnetic
spin. This means that the Mn4O4 core can behave as nanoscale magnetic particles. Due to
high symmetry of the Mn4O4 core no anisotropy can be expected in this case. However,
search for new materials with structurally isolated large transition-metal ion clusters
having considerable anisotropy is important. The studies provide correlation between the
structural and magnetic properties of the materials which could have important
implication in the desired applications employing magnetic nanostructures.
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CHAPTER 5
SYNTHESIS, STRUCTURE AND MAGNETIC PROPERTIES OF BaRb3KMn6(PO4)6
CONTAINING STRUCTURALLY ISOLATED MAGNETIC RINGS
Introduction
Since the discovery that certain transition metal complexes can act as individual
nanomagnets,1 a rapid increase in the number of molecules which can exhibit this
phenomena have been found. This has prompted wide interest in the molecular
magnetism community due to the intrinsic properties of these molecules that promise
access to ultimate high-density memory storage.2 The synthesis of large transition-metal
ion clusters has provided interesting materials with unusual physical properties. For
.

.

instance, [Mn12O12(O2CCH3)16(H2O)4] 4H2O 2CH3CO2H shows properties similar to
nanoscale magnetic particles at low temperatures.3 In these compounds, the individual
molecules are shielded from each other by nonmagnetic organic moieties. Hence, the
magnetic interactions between neighboring molecules can be minimized so that the
observed magnetic properties of the bulk sample originate from individual molecules. We
attempt to build up well-defined transition metal-oxide based magnetic clusters
embedded in oxyanion-based insulating materials such as silicates, phosphates and
arsenates to achieve the necessary quantum confinement of magnetic spin. In this case,
the lattice confinement may be accomplished chemically by bridging with closed-shell,
non-magnetic oxyanions (XOxn-, X = Si4+, P5+, As5+). It has been evident that these TMoxide nanostructures form clusters, chains and layers that frequently mimic the structural
unit of the bulk oxides of technological importance.4 In a couple of early-investigated
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chemical systems, we have demonstrated oxy compounds of this kind that adopt
nanostructures of well-known early transition metal-oxide frameworks.
Many beautiful cyclic metal structures have been reported previously.5 During our
exploratory synthesis for new compounds having confined magnetic nanostructures, a
new manganese phosphate compound, BaRb3KMn6(PO4)6, was isolated using a
RbCl/KCl eutectic flux system. The new compound exhibits pseudo-one-dimensional
channels in which the alkali and alkaline earth ions reside. The framework consists of
hexametallic [Mn6] rings and due to the closed-shell, non-magnetic nature of the
phosphate matrix, the encapsulated transition metal nanostructured ring is structurally
isolated. Magnetic susceptibility studies reveal an antiferromagnetic behavior, as
expected, with a transition around 8 K. The susceptibility data above 50 K follows a
Curie-Weiss law with θ = -45.8(3) K indicating predominant antiferromagnetic
interactions between adjacent Mn2+ ions.
In this chapter, we will discuss the results of synthesis, structure, magnetic property
measurements,

as

well

as

structure

and

property

correlation

studies

of

BaRb3KMn6(PO4)6.

Synthesis and Characterization of BaRb3KMn6(PO4)6

Synthesis
Single crystals of BaRb3KMn6(PO4)6 were grown by employing a RbCl/KCl flux
(with the charge-to-flux ratio 1:3 by weight) in a fused silica ampoule. The reactants were
ground and loaded in a nitrogen-blanketed dry box and then sealed under vacuum prior to

122

heating. Pink crystals were grown by introducing the mixture of BaO (1.32 mmol,
Aldrich, 97+%), Mn2O3 (0.97 mmol, Aldrich, 99%) and P4O10 (0.49 mmol, Aldrich,
98+%) into the RbCl/KCl flux with 56 % RbCl (8.35 mmol, Alfa, 99.8%) and 44 % KCl
(6.55 mmol, Strem, 99.999%). The resulting mixture was loaded into a silica ampoule
and the reaction mixture was heated to 545°C at 1°C min-1, dewelled for two days, heated
to 750°C at 1°C min-1, dewelled for three days, and then slowly cooled to 400°C at 0.1°C
min-1 followed by furnace-cooling to room temperature. Prismatic crystals of (10 %
yield) were isolated manually and washed with deionized water using suction filtration.
The reaction products also contained other materials, including dark brown crystalline
columns of Ba2Mn3O2(PO4)3 (20 % yield) that will be discussed in Chapter 6 and an
unidentified white polycrystalline powder.
To attempt the synthesis of BaRb3KMn6(PO4)6 in polycrystalline form was
unsuccessful. The reaction tried was employing a stoichiometric mixture of
MnCO3/P4O10/Rb2CO3/K2CO3/BaCO3. The reaction mixture was heated to 350°C at 1°C
min-1, dewelled for one day, heated to 750°C at 1°C min-1, dewelled for three days, and
then furnace cooled to room temperature. The reaction did not yield identifiable products
using this set of conditions.

Single Crystal X-Ray Diffraction
Single crystals of BaRb3KMn6(PO4)6 were physically examined and selected under
an optical microscope equipped with a polarizing light attachment. For the X-ray
diffraction study, the data crystal was mounted on a glass fiber with epoxy. The data were
collected at room temperature, and the structure was solved by direct method using the
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SHELXL-97 program.6 Table 5.1 reports the crystallographic data of the title compound.
The atomic coordinates and the thermal parameters are listed in Tables 5.2 and 5.3,
respectively. Selected bond distances and angles are listed in Table 5.4.

Magnetic Susceptibility
Temperature- and field-dependent magnetic measurements of BaRb3KMn6(PO4)6
were carried out with a Quantum Design SQUID MPMS-5S magnetometer. The
measurements were taken from 2 K to 300 K in the applied field of H = 0.5 T and 0.01 T.
Selected crystals of BaRb3KMn6(PO4)6 (5.6 mg) were ground and contained in a gel
capsule sample holder. The magnetic susceptibility was corrected for the gel capsule and
core diamagnetism with Pascal constants.7

Results and Discussion
Structure
As mentioned above, single crystals of BaRb3KMn6(PO4)6 were grown with BaO,
Mn2O3 and P4O10 using a RbCl/KCl flux in a sealed system at 750 oC. The incorporation
of cations from the flux into the structure was inevitable, not only to balance the overall
charges, but also to create a new framework via A-site cations Ba2+, Rb+, and K+ as a
template. The presence of the Ba, Rb, K, Mn, P, and O have been qualitatively proven by
energy dispersive X-ray analysis. The crystal structure of BaRb3KMn6(PO4)6 can be
described as a three-dimensional architecture containing pseudo-one-dimensional
channels. As shown in Figure 5.1, the corner-sharing PO4 tetrahedra and MnO5 square
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pyramids form two types of pseudo-one-dimensional channels, where barium and
potassium cations together reside in the larger channel and rubidium cations occupy the
smaller channel. Each large channel is surrounded by six small channels and each smaller
channel is surrounded by three large channels.
Crystallographically, there are three different manganese atoms in this compound and
all of them are coordinated to five oxygens to form distorted square pyramids. As shown
in Table 7.4, Mn(1), Mn(2) and Mn(3) adopt bond distances normally observed for Mn2+.
The Mn-O bond distances range from 2.057 Å to 2.371 Å and the average Mn-O
distances in Mn(1)-O, Mn(2)-O and Mn(3)-O are 2.15 Å, 2.15 Å and 2.16 Å,
respectively. These are comparable with 2.11 Å, the sum of the Shannon crystal radii8 for
five-coordinated Mn2+ (0.89 Å) and three-coordinated O2- (1.22 Å). The bond valence
sum calculations9 also indicate that the formal oxidation state of manganese is Mn2+, and
the bond valence sum calculations on Mn(1)O5, Mn(2)O5 and Mn(3)O5 give the values of
1.94, 1.92 and 1.90, respectively. Figure 5.2a shows corner sharing MnO5 square
pyramids and PO4 tetrahedra sharing edges and corners with MnO5 square pyramids to
form an extended structure with channels. Six MnO5 square pyramids and six PO4
tetrahedra are connected to form a Mn6(PO4)6 “bangle” (Figure 5.2b). The role of the PO4
tetrahedra is to provide an external skeleton for the Mn6(PO4)6 units and to interconnect
neighboring Mn6(PO4)6 units together along the ab plane. This means that there are no
Mn-O-Mn linkages between Mn6(PO4)6 units, since these units are connected to each
other through Mn-O-P-O-Mn linkages. The Mn-Mn distances between the neighboring
Mn6(PO4)6 units vary in the range of 4.667(2)-5.729(2) Å so that these Mn6(PO4)6
“bangles” can be considered to be structurally isolated units embedded in a closed-shell,
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Table 5.1 Crystallographic Data for BaRb3KMn6(PO4)6
Chemical formula
BaRb3KMn6(PO4)6
Crystal color, shape

Pink, Prismatic

Crystal size (mm)

0.36 × 0.24 × 0.24

Formula weight (amu)

1332.31

Space group

P-3 (No. 147)

a, Å

15.873(2)

c, Å

8.555(2)

γ, °

120

V, Å3

1866.7(5)

Z

3

ρ calcd, g/cm3

3.556

Linear abs. coeff., mm-1

1.0000-0.6121

F000

1854

T, (K) of data collection

300(2)

Reflections collected

16118

Reflections unique

2197

Rint /Rsigmaa

0.0443/0.1309

Parameters refined (restraints)

192(0)

Final R1/wR2b/GOF (all data)

0.0449/0.1314/1.018

Largest difference peak /hole(e- / Å3 )

2.080/-1.898

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0693 P)2 + 51.3112 P] where P = (FO2 + 2FC2)/3.

2
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Table 5.2 Atomic Coordinates and Equivalent Displacement Parameters for
BaRb3KMn6(PO4)6
Wyckoff
Atom
notation Occupancy
Uiso (Å2 )a
x
y
z
1.00000
1.00000
0.0161(3)
Ba(1)
1a
0
Ba(2)

2d

1/3

2/3

1.5369(1)

0.0150(3)

Rb(1)

6g

0.36052(6)

1.00205(6)

1.52020(9)

0.0097(3)

Rb (2)

6g

0.3018(2)

0.9959(1)

0.9795(2)

0.0145(4)

K (1)

2d

1/3

2/3

1.9580(7)

0.045(2)

K(2)

1b

0

1.00000

1.50000

0.043(2)

Mn(1)

6g

0.10695(9)

0.9075(1)

1.3588(2)

0.0138(4)

Mn(2)

6g

0.4312(1)

0.8660(1)

1.1674(2)

0.0138(4)

Mn(3)

6g

0.2406(1)

0.4709(1)

1.8664(2)

0.0132(4)

P(1)

6g

0.4614(2)

0.8986(2)

1.7752(3)

0.0119(5)

P(2)

6g

0.4423(2)

1.2366(2)

1.7432(3)

0.0119(5)

P(3)

6g

0.1028(2)

0.8749(2)

1.7432(3)

0.0134(5)

O(1)

6g

0.4751(5)

0.6800(5)

1.3497(8)

0.022(1)

O(2)

6g

0.4760(5)

0.9967(5)

1.2864(8)

0.019(1)

O(3)

6g

0.4523(5)

1.1459(5)

1.7451(9)

0.024(2)

O(4)

6g

0.2131(5)

0.8689(5)

1.3240(9)

0.027(2)

O(5)

6g

0.3548(5)

0.8716(5)

1.7639(9)

0.024(2)

O(6)

6g

0.2788(5)

0.8248(5)

1.0883(8)

0.020(1)

O(7)

6g

0.1853(6)

0.9806(5)

1.7343(9)

0.032(2)

O(8)

6g

0.1708(5)

0.6522(5)

1.6778(8)

0.019(1)

O(9)

6g

0.1481(5)

1.0132(5)

1.1712(8)

0.025(2)

O(10)

6g

0.1854(5)

0.3248(5)

1.8273(8)

0.021(1)

O(11)

6g

0.4924(5)

0.8911(5)

0.9443(8)

0.020 (1)

O(12)

6g

0.2297(5)

1.0649(5)

1.4231(8)

0.021(1)

a

0.5

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.
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Table 5.3 Anisotropic Thermal Parameters (Å2)a for BaRb3KMn6(PO4)6
Atom U11
U22
U33
U23
U13

U12

Ba(1)

0.0140(4)

0.0140(4)

0.0202(7)

0.000

0.000

0.0070(2)

Ba(2)

0.0145(4)

0.0145(4)

0.0161(5)

0.000

0.000

0.0072(2)

Rb(1)

0.0079(4)

0.0144(5)

0.0078(4)

-0.0018(3)

-0.0021(3)

0.0064(3)

Rb (2)

0.0152(8)

0.0092(8)

0.0188(9)

-0.0061(6)

-0.0074(7)

0.0057(7)

K (1)

0.027(1)

0.027(5)

0.080(4)

0.000

0.000

0.0137(7)

K(2)

0.037(2)

0.037(2)

0.054(4)

0.000

0.000

0.017(1)

Mn(1)

0.0114(7)

0.0126(7)

0.0159(7)

0.0009(5)

0.0008(5)

0.0048(6)

Mn(2)

0.0120(7)

0.0146(7)

0.0158(7)

0.0003(5)

0.0016(5)

0.0074(6)

Mn(3)

0.0112(7)

0.0124(7)

0.0160(7)

-0.0002(5)

0.0002(5)

0.0059(5)

P(1)

0.011(1)

0.009(1)

0.015(1)

-0.0003(8)

-0.0002(8)

0.0049(9)

P(2)

0.009(1)

0.010(1)

0.016(1)

-0.0006(8)

-0.0011(9)

0.0047(9)

P(3)

0.015(1)

0.011(1)

0.015(1)

-0.0003(9)

-0.0033(9)

0.0070(9)

O(1)

0.021(4)

0.019(4)

0.022(4)

-0.002(3)

0.006(3)

0.006(3)

O(2)

0.021(3)

0.010(3)

0.026(4)

-0.002(3)

0.007(3)

0.007(3)

O(3)

0.022(4)

0.018(4)

0.037(4)

-0.004(3)

-0.005(3)

0.015(3)

O(4)

0.024(4)

0.024(4)

0.039(4)

-0.010(3)

-0.003(3)

0.017(3)

O(5)

0.011(3)

0.025(4)

0.031(4)

0.009(3)

-0.001(3)

0.005(3)

O(6)

0.019(3)

0.023(4)

0.016(3)

-0.002(3)

-0.002(3)

0.009(3)

O(7)

0.031(4)

0.015(4)

0.039(5)

0.002(3)

-0.018(3)

0.003(3)

O(8)

0.017(3)

0.017(3)

0.016(3)

0.000(3)

0.004(3)

0.002(3)

O(9)

0.018(3)

0.028(4)

0.021(4)

0.007(3)

-0.002(3)

0.006(3)

O(10)

0.019(3)

0.012(3)

0.030(4)

-0.004(3)

-0.006(3)

0.007(3)

O(11)

0.015(3)

0.027(4)

0.016(3)

-0.003(3)

-0.002(3)

0.009(3)

O(12)

0.030(4)

0.022(4)

0.015(3)

0.000(3)

-0.002(3)

0.015(3)

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 5.4 Bond Distances (Å) and Angles (deg) for BaRb3KMn6(PO4)6
Mn(1)O5 Square pyramid
Mn(1)-O(7)ix

2.064(8)

Mn(1)-O(9)

2.174(7)

Mn(1)-O(4)

2.081(7)

Mn(1)-O(12)

2.339(7)

Mn(1)-O(12)ix

2.116(7)

O(4)-Mn(1)-O(12)ix

92.8(3)

O(7)ix-Mn(1)-O(12)

160.7(3)

O(7)ix -Mn(1)-O(9)

99.7(3)

O(4)-Mn(1)-O(12)

89.0(3)

O(4)-Mn(1)-O(9)

98.4(3)

O(12)ix-Mn(1)-O(12)

103.9(2)

O(12)ix-Mn(1)-O(9)

164.0(3)

O(9)-Mn(1)-O(12)

65.2(2)

Mn(2)O5 Square pyramid
Mn(2)-O(11)

2.087(7)

Mn(2)-O(1)vii

2.197(7)

Mn(2)-O(3)x

2.088(7)

Mn(2)-O(6)

2.271(7)

Mn(2)-O(2)

2.091(7)

O(11)-Mn(2)-O(3)x

89.8(3)

O(2)-Mn(2)-O(1)vii

87.1(3)

O(11)-Mn(2)-O(2)

111.1(3)

O(11)-Mn(2)-O(6)

96.3(3)

O(3)x-Mn(2)-O(2)

92.2(3)

O(3)x-Mn(2)-O(6)

160.8(3)

O(11)-Mn(2)-O(1)vii

157.6(3)

O(2)-Mn(2)-O(6)

102.4(3)

O(3)x-Mn(2)-O(1)vii

102.7(3)

O(1)vii-Mn(2)-O(6)

66.2(2)

Mn(3)O5 Square pyramid
Mn(3)-O(10)

2.057(7)

Mn(3)-O(8)vii

2.187(7)

Mn(3)-O(5)vii

2.080(7)

Mn(3)-O(11)xvii

2.371(7)

Mn(3)-O(6)xv

2.115(7)

O(10)-Mn(3)-O(5)vii

97.8(3)

O(10)-Mn(3)-O(6)xv

95.6(3)

90.1(3)

vii

95.1(3)

vii

O(5) -Mn(3)-O(6)

xv

O(10)-Mn(3)-O(8)
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Table 5.4 (cont’d) Bond Distances (Å) and Angles (deg) for BaRb3KMn6(PO4)6
O(5)vii-Mn(3)-O(8)vii
102.2(3)
O(5)vii-Mn(3)-O(11)xvii
161.1(3)
O(6)xv-Mn(3)-O(8)vii

162.4(3)

O(6)xv-Mn(3)-O(11)xvii

99.8(2)

O(10)-Mn(3)-O(11)xvii

97.1(3)

O(8)vii-Mn(3)-O(11)xvii

65.0(2)

P(1)O4 Tetrahedra
P(1)-O(5)

1.525(7)

P(1)-O(2)x

1.541(7)

P(1)-O(8)viii

1.536(7)

P(1)-O(11)xvi

1.552(7)

O(5)-P(1)-O(8)viii

111.2(4)

O(5)-P(1)-O(11)xvi

112.8(4)

O(5)-P(1)-O(2)x

108.0(4)

O(8)viii-P(1)-O(11)xvi

105.3(4)

109.5(4)

xvi

110.0(4)

viii

O(8) -P(1)-O(2)

x

O(2)10-P(1)-O(11)

P(2)O4 Tetrahedra
P(2)-O(4)xi

1.522(7)

P(2)-O(1)x

1.539(7)

P(2)-O(3)

1.526(7)

P(2)-O(6)xi

1.561(7)

O(4)xi-P(2)-O(3)

110.5(4)

O(4)11-P(2)-O(6)xi

110.0(4)

O(4)xi-P(2)-O(1)x

110.0(4)

O(3)-P(2)-O(6)xi

110.4(4)

O(3)-P(2)-O(1)x

111.8(4)

O(1)10-P(2)-O(6)xi

103.9(4)

P(3)O4 Tetrahedra
1.526(7)

P(3)-O(9)ix

1.536(7)

P(3)-O(7)

1.528(7)

P(3)-O(12)ix

1.551(7)

O(10)viii-P(3)-O(7)

109.0(4)

O(10)viii-P(3)-O(12)ix

111.6(4)

O(10)viii-P(3)-O(9)ix

109.5(4)

O(7)-P(3)-O(12)ix

110.3(4)

O(7)-P(3)-O(9)ix

112.2(5)

O(9)ix-P(3)-O(12)ix

104.2(4)

P(3)-O(10)

viii
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Table 5.4 (cont’d) Bond Distances (Å) and Angles (deg) for BaRb3KMn6(PO4)6
[Ba-O] Polyhedra
Ba(1)-O(9)i

2.688(7)

Ba(2)-O(8)viii

2.751(7)

Ba(2)-O(1)vii

2.683(7)

O(9)i-Ba(1)-O(9)

180.000(1)

O(8)-Ba(2)-O(8)viii

102.2(2)

O(9)i-Ba(1)-O(9)ii

93.1(2)

O(1)-Ba(2)-O(8)

169.3(2)

O(1)viii-Ba(2)-O(1)

88.0(2)

O(1)vii-Ba(2)-O(8)viii

84.5(2)

O(1)vii-Ba(2)-O(8)

84.2(2)
[Rb-O] Polyhedra

Rb(1)-O(2)

2.742(7)

Rb(1)-O(5)

2.908(7)

Rb(1)-O(3)

2.777(7)

Rb(1)-O(2)x

3.070(7)

Rb(1)-O(4)

2.795(7)

Rb(1)-O(8)xi

3.101(7)

Rb(1)-O(12)

2.840(7)

Rb(1)-O(7)

3.202(9)

Rb(1)-O(1)vii

3.349(7)

Rb(2)-O(10)xiv

3.035(7)

Rb(2)-O(10)xii

2.686(7)

Rb(2)-O(9)

3.063(8)
vi

3.110(8)

Rb(2)-O(6)

2.719(7)

Rb(2)-O(5)

Rb(2)-O(7)vi

2.725(7)

Rb(2)-O(3)vi

3.115(8)

Rb(2)-O(11)xiii

2.908(7)

Rb(2)-O(4)

3.450(8)

O(2)-Rb(1)-O(3)

116.5(2)

O(3)-Rb(1)-O(7)

76.2(2)

O(2)-Rb(1)-O(4)

81.9(2)

O(4)-Rb(1)-O(7)

84.8(2)

O(3)-Rb(1)-O(4)

159.1(2)

O(12)-Rb(1)-O(7)

57.1(2)

O(2)-Rb(1)-O(12)

114.5(2)

O(5)-Rb(1)-O(7)

78.3(2)

O(3)-Rb(1)-O(12)

95.1(2)

O(2)x-Rb(1)-O(7)

112.2(2)

O(4)-Rb(1)-O(12)

66.9(2)

O(8)xi-Rb(1)-O(7)

133.5(2)

O(2)-Rb(1)-O(5)

106.5(2)

O(2)-Rb(1)-O(1)vii

57.0(2)

O(3)-Rb(1)-O(5)

84.6(2)

vii

O(3)-Rb(1)-O(1)
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150.7(2)

Table 5.4 (cont’d) Bond Distances (Å) and Angles (deg) for BaRb3KMn6(PO4)6
O(4)-Rb(1)-O(5)
100.1(2)
O(4)-Rb(1)-O(1)vii
47.1(2)
O(12)-Rb(1)-O(5)

133.8(2)

O(12)-Rb(1)-O(1)vii

113.7(2)

O(2)-Rb(1)-O(2)x

79.5(2)

O(5)-Rb(1)-O(1)vii

72.0(2)

O(3)-Rb(1)-O(2)x

61.8(2)

O(2)x-Rb(1)-O(1)vii

89.3(2)

x

xii

O(4)-Rb(1)-O(2)

135.6(2)

O(10) -Rb(2)-O(6)

122.0(2)

O(12)-Rb(1)-O(2)x

156.9(2)

O(10)xii-Rb(2)-O(7)vi

110.4(2)

O(5)-Rb(1)-O(2)x

48.9(2)

O(6)-Rb(2)-O(7)vi

115.3(2)

O(2)-Rb(1)-O(8)xi

50.5(2)

O(10)xii-Rb(2)-O(11)xiii

72.9(2)

O(3)-Rb(1)-O(8)xi

78.6(2)

O(6)-Rb(2)-O(11)xiii

95.0(2)

O(4)-Rb(1)-O(8)xi

109.6(2)

O(10)xii-Rb(2)-O(10)xiv

139.4(3)

xi

xiv

O(12)-Rb(1)-O(8)

87.4(2)

O(6)-Rb(2)-O(10)

64.7(2)

O(5)-Rb(1)-O(8)xi

136.9(2)

O(6)-Rb(2)-O(3)vi

130.7(2)

O(2)10-Rb(1)-O(8)xi

88.4(2)

O(7vi-Rb(2)-O(3)vi

78.5(2)

O(2)-Rb(1)-O(7)

166.4(2)

O(11xiii-Rb(2)-O(3)vi

58.5(2)

O(7)vi-Rb(2)-O(10)xiv

50.8(2)

O(10)xiv-Rb(2)-O(3)vi

114.3(2)

O(11)xiii-Rb2)-O(10)xiv

147.2(2)

O(9)-Rb(2)-O(3)vi

128.1(2)

xii

vi

vi

O(10) -Rb(2)-O(9)

51.1(2)

O(5) -Rb(2)-O(3)

O(6)-Rb(2)-O(9)

101.0(2)

O(10)xiv-Rb(2)-O(9)

88.7(2)

O(7)vi-Rb(2)-O(9)

83.4(2)

O(10)xii-Rb(2)-O(5)vi

159.7(2)

O(11)xiii-Rb(2)-O(9)

121.6(2)

O(10)xii-Rb(2)-O(4)

79.2(2)

O(6)-Rb(2)-O(5)vi

60.8(2)

O(7)vi-Rb(2)-O(4)

123.0(2)

vi

O(7) -Rb(2)-O(5)

vi

xiii

75.9(2)

82.7(2)

O(11) -Rb(2)-O(4)

99.9(2)

O(11)xiii-Rb(2)-O(5)vi

86.9(2)

O(10)xiv-Rb(2)-O(4)

84.7(2)

O(10)xiv-Rb(2)-O(5)vi

60.9(2)

O(9)-Rb(2)-O(4)

58.9(2)

O(9)-Rb(2)-O(5)vi

148.7(2)

O(5)vi-Rb(2)-O(4)

107.2(2)

O(10)xii-Rb(2)-O(3)vi

91.2(2)

O(6)-Rb(2)-O(4)

46.5(2)

O(3)vi-Rb(2)-O(4)

158.3(2)
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Table 5.4 (cont’d) Bond Distances (Å) and Angles (deg) for BaRb3KMn6(PO4)6
[K-O] Polyhedra
K(1)-O(11)xv

3.176(7)

K(2)-O(12)xi

3.321(7)

K(1)-O(6)xvi

3.234(7)

O(11)xv-K(1)-O(11)xvi

119.86(2)

O(12)ix-K(2)-O(12)iii

180.000(2)

O(11)xv-K(1)-O(6)xvi

64.8 (2)

O(12)v-K(2)-O(12)iii

116.17(8)

O(11)xvi-K(1)-O(6)xvi

60.9(2)

O(12)v-K(2)-O(12)xviii

63.83(8)

O(11)xv-K(1)-O(6)xvii

161.8(3)

O(12)ix-K(2)-O(12)xviii

116.17(8)

O(6)xvi-K(1)-O(6)xvii

108.8(2)

O(12)iii-K(2)-O(12)xviii

63.83(8)

O(12)xi-K(2)-O(12)

63.83(8)

Symmetry transformations used to generate equivalent atoms: (i) -x,-y+2,-z+2; (ii) y-1,x+y,-z+2; (vi) x,y,z-1; (vii) -y+1,x-y+1,z; (viii) -x+y,-x+1,z; (ix) y-1,-x+y,-z+3; (x) x+1,-y+2,-z+3; (xi) x-y+1,x+1,-z+3; (xiii) -x+1,-y+2,-z+2; (xiv) -x+y,-x+1,z-1; (xv) y+1,x-y+1,z+1; (xvii) -x+y,-x+1,z+1.
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nonmagnetic phosphate matrix.
Although the Mn6(PO4)6 “bangles” look the same, there are two crystallographically
independent units. As far as the Mn-Mn distances in Mn6 rings are concerned (Figure
5.3), the Mn6O24 ring formed by corner sharing Mn(1)O5 square pyramids has a
homogeneous Mn-Mn distance of 3.656(2) Å. Looking at the crystal structure more
carefully, it is found that distances between the manganese ions in different units formed
by Mn(2)O5 and Mn(3)O5 square pyramids are not equally distributed, but alternate
between Mn-Mn distances of 3.709(2) Å and 3.777(2) Å. Although the Mn6 rings appear
to be in a perfect planar hexagonal arrangement along the c-axis as shown in Figure 5.3c
and 5.3d, they are actually nonplanar rings. These two different rings shown in Figure
5.3e are reminiscent of the chair conformations of a six-membered single-bonded carbon
ring such as cyclohexane.
The two crystallographically different barium cations have BaO6 coordination. The
average Ba-O distances in Ba(1)-O and Ba(2)-O are 2.69 Å and 2.71 Å, respectively and
are comparable with the sum of Shannon crystal radii (2.70 Å) of six-coordinate Ba2+
(1.49 Å) and O2- (1.21 Å).7 The average Rb-O distances in Rb(1)-O and Rb(2)-O are 2.93
Å and 2.92 Å, respectively and are comparable to the sum of Shannon crystal radii (2.96
Å) of eight-coordinate Rb+ (1.75 Å) and O2- (1.21 Å)7 The average K-O distances in
K(1)-O and K(2)-O are 3.28 Å and 3.32 Å, respectively and are significantly longer than
the sum of Shannon crystal radii (2.81 Å) of eight-coordinate K+ (1.60 Å) and O2- (1.21
Å). The bond valence sum (BVS) calculations9 based upon observed distances are
consistent with the assigned formal oxidation states of the cations; the calculated
valencies for Ba2+(1) and Ba2+(2) cations are +2.02 and +1.87, respectively. In addition to
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Figure 5.1 Perspective view of the structure of BaRb3KMn6(PO4)6 viewed along the
channels. The corner-sharing PO4 trtrahedra and MnO5 square pyramids form a
pseudo-one-dimensional channel structure with two types of channels where barium
and potassium cations reside in one channel while the rubidium cation occupies the
other.
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that calculated valencies for Rb1+(1) and Rb1+(2) cations based upon distances below 3.00
Å are +1.14 and +1.07, respectively. Based on the factors discussed above, we can
conclude that ideal Ba-O and Rb-O bonding occurs but there is a less likelihood that
bonding occurs between potassium and oxygen. As shown in Figure 5.5a, the Mn6(PO4)6
“bangles” stack on top of each other along the c-axis with barium cations in between
them. The K(2) cation resides in the middle of Mn6(PO4)6 “bangle” formed by Mn(1)O5
square pyramids, whereas the K(1) cation resides in the middle of a Mn6(PO4)6 “bangle”
formed by alternating Mn(2)O5 and Mn(3)O5 square pyramids. The barium cations
residing to the front and back of the Mn6(PO4)6 “bangle” cap the bangle to form a cage as
shown in Figure 5.5b. It is interesting to notice that the potassium cations seemingly rattle
inside the cages due to loosely bonded potassium and oxygen, which is consistent with
the unusually large thermal parameter for the potassium.

Magnetic Susceptibility
The temperature dependence of magnetic susceptibility for BaRb3KMn6(PO4)6 was
measured in applied fields of 0.01 T and 0.5 T. The magnetic susceptibility and inverse
susceptibility as a function of temperature are plotted in Figure 5.6. No noticeable
difference was found between the curves recorded at 100 Oe and 5000 Oe suggesting no
field-dependence. As shown in Figure 5.6 it is obvious that there is an antiferromagnetic
transition at TN ~8 K. The χΤ versus T curve measured in the field of 5000 Oe is shown
in the inset of Figure 5.6. The decrease of χΤ further suggests a dominant
antiferromagnetic interaction. At first, the χΤ decreases gradually with a decrease in
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(a)

(b)

(c)

Figure 5.2 (a) Partial structure of BaRb3KMn6(PO4)6 showing interconnected units
of Mn6(PO4)6 “bangle.” (b) A “bangle” formed by interconnected six corner MnO5
units ( ball and stick drawing) and six PO4 units (polyhedral drawing). (c) Polyhedral
drawing of Mn6(PO4)6 “bangle” viewed along the c-axis.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.3 (a) The Mn6O24 distorted ring formed by corner-sharing Mn(1)O5 square
pyramids. (b) The Mn6O24 distorted ring formed by alternatively corner-sharing
Mn(2)O5 and Mn(3)O5 square pyramids (c) Partial structure of Mn6 with Mn(1)
having homogeneous Mn-Mn distances of 3.656(2) Å. (d) Partial structure of Mn6
with Mn(2) and Mn(3) having alternating Mn-Mn distances of 3.709(2) Å and
3.777(2) Å. (e) Cyclic hexagon formed by Mn(1). (f) Cyclic hexagon formed by
Mn(2) and Mn(3), both in chair form.
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(a)

(b)

(c)

Figure 5.4 (a) Drawing of the BaO6 coordination geometry. The Ba-O bond
distances are in angstroms. (b) Drawings of RbO8 polyhedra. (c) Coordination
environment around around potassium cations. The doted lines represent long K-O
bonds.
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(a)

K2

K2

K2

K1

K1

K1

(b)

(c)

Figure 5.5 (a) Partial structure showing potassium ions residing in the middle of
Mn6(PO4)6 “bangles” and barium ions residing in between the Mn6(PO4)6 “bangles”.
(b) The Mn6(PO4)6 “bangle” together with barium cations capping both sides to form
a cage for potassium ions to reside. (c) Stick drawing of BaMn6(PO4)6 with a
potassium cation in the middle.
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temperature down to 50 K, and a sharp drop is encountered upon further cooling. The
Weiss constants (θ) and the effective magnetic moments were determined by a CurieWeiss fit of the linear, high temperature portion (50-300 K) of the inverse susceptibility
curve. The least-squares fit of the high-temperature (50-300 K) data to the Curie-Weiss
equation, χ = C/(T - θ), where C is the Curie constant, and θ is the Weiss constant,
yielded the best-fit values of C = 3.610(4) emu·K/mol and θ = -45.8(3) K . The effective
magnetic moment, µeff, calculated from the Curie constant is 5.396(6) µB, which is
smaller than the spin-only value of 5.91 µB expected for high-spin Mn2+ (d5) ions. The
Weiss constant of this phase is consistently less than zero, suggesting antiferromagnetic
coupling between the Mn2+ ions. Also, the absolute values of the Weiss constants is
indicative of the strength of this antiferromagnetic coupling.
We can assume that the mechanism of magnetic coupling within the Mn6O24 rings is
likely via superexchange through oxygen atoms. Magnetic coupling via the
superexchange mechanism is strongly dependent upon the distance between interacting
ions.10 The qualitative coupling rules developed by Goodenough11 and Kanamori12
suggests that correlation superexchange between two high-spin d5 ions via anion porbitals will be antiferromagnetic for all Mn-O-Mn angles in the range 90-180°. In
BaRb3KMn6(PO4)6 there are three possible superexchange pathways within the two
different Mn6O24 rings, Mn(1)-O(13)-Mn(1) (Mn(1)-Mn(1) = 3.656(2) Å; ∠Mn(1)-O(13)Mn(1) = 110.2(3)° ), Mn(2)-O(12)-Mn(3) ( Mn(2)-Mn(3) = 3.709(2) Å; ∠Mn(2)- O(12)Mn(3) = 112.4(3)°) and Mn(3)-O(6)-Mn(2) (Mn(3)-Mn(2) = 3.777(2) Å; ∠Mn(2)-O(12)Mn(3) = 118.8(3)°). The Mn…Mn distances between the adjacent Mn6O24 rings vary from
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Figure 5.6. Temperature dependence of magnetic susceptibility of BaRb3KMn6(PO4)6 at
5000 Oe. The inset shows the χT vs T plot.
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BaRb3KMn6(PO4)6. The inset shows a portion of hysteresis curve at lower fields.
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4.667(2) to 5.729(2) Å. This suggests that magnetic interactions between Mn6O24 rings
are comparatively weak and the dominant magnetic exchange is between Mn2+ ions
within a given ring, since the manganese atoms are connected through Mn-O-P-O-Mn.
The intra-ring magnetic interaction should therefore be much stronger than that of interring interaction in this compound. However, there is a rapidly increasing contribution of
the magnetic susceptibility at low temperature as shown in Figure 5.6. In order to find the
origin of this contribution, field-dependent magnetic measurements were performed as
shown in Figure 5.8. However, this compound does not exhibit a significant hysteresis.
As we described above, the manganese atoms in adjacent rings are connected through
Mn-O-P-O-Mn so that the magnetic coupling between the rings is non-negligible, and
thus the system exhibits three-dimensional magnetism at low temperatures.
Antiferromagnetic rings are magnetic nanostructures comprising an even number of
uniformly spaced paramagnetic metal ions arranged as a planar ring. Ring systems such
as antiferromagnetic ferric wheels, Fe6 and Fe10, are a particularly interesting class of
compounds13 since the antiferromagnetic ferric wheels are candidates for the observation
of macroscopic quantum coherence in the form of coherent tunneling.14 Although, in
BaRb3KMn6(PO4)6 the manganese ions are almost equally spaced within the rings, the
rings are not planar at all.
In conclusion, a new manganese phosphate compound, BaRb3KMn6(PO4)6, has been
isolated by a high temperature, solid-state method. BaRb3KMn6(PO4)6 adopts a new
structure type that contains of a novel “bangle” unit made of corner-sharing MnO5 units
and (PO4)6 groups. It is witnessed that the Mn6O24 units are structurally isolated, that is to
say that the Mn2+ d electrons are localized, and the manganese oxide units behave like
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molecule-like nanostructures. The individual manganese oxide rings are shielded from
each other by closed shell PO4 ligands so that the magnetic interactions between
neighboring manganese oxide rings are very small, and the observed magnetic properties
of the bulk sample are virtually intra-ring in origin.
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CHAPTER 6

SYNTHESIS, STRUCTURE AND MAGNETIC PROPERTIES OF µ3-OXO
Ba2Mn3O2(PO4)3 CONTAINING STRUCTURALLY CONFINED MnIII-O MAGNETIC
CHAINS IN CLOSED-SHELL, NON-MAGNETIC OXYANION MATRICES
Introduction
The possibility of achieving ultimate high-density data storage using magnetic
particles as memory elements has enhanced the research activities in the area of magnetic
nanomaterials.1 These applications need the smallest possible magnetic particles for
effective usage. One method of approach is to synthesize nanoparticles of bulk magnetic
materials while controling their size, shape and crystal structure. However, this “topdown” approach has some challenges in controlling the particle distribution. Single
molecular magnets (SMMs) have been proposed for high-density information storage
where each bit of information would be stored in a single molecule. This “bottom up”
approach makes it possible to construct magnetic clusters that are encapsulated by
organic molecules to achieve necessary quantum confinement of magnetic spin.
Recent progress in the development of molecular-based magnetic materials has led
researchers to a thorough understanding of several fascinating physical phenomena, such
as the unusual properties in single-molecular magnets (SMM),2 molecular nanomagnets
(MNMs),3 single chain magnets (SCM)4 and geometrically frustrated magnets(GFM).5
The GFM materials have attracted much attention6 due to their propensity to adopt
unusual magnetic ground states.
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Phosphates of transition metals as described in previous chapters represent an
interesting group of magnetic materials. Investigation of transition-metal (TM)
phosphates has revealed that terminal oxygens of these phosphates are available for
bonding with transition metal cations. TM-oxide containing silicates, phosphates and
arsenates are of fundamental importance for they provide an opportunity to study
delocalized electrons in a confined lattice.7 This lattice confinement may be
accomplished chemically by bridging with closed-shell, non-magnetic oxyanions (XOxn-,
X = Si4+, P5+, As5+).
Similarly, molecular solids such as SMMs and SCMs mentioned above, with
delocalized electrons in a confined lattice, have been incorporated in organic-based,
closed-shell ligands to encapsulate TM-oxide magnetic clusters. This class of compounds
provides a less rigid lattice, which gives rise to less desirable spin-lattice interaction than
extended inorganic solids. Our approach is to find new chemical systems incorporating
rigid inorganic-based ligands, oxyanions in this case, to achieve structural isolation. The
resulting solids should feature, in principle, electronic insulation of magnetic units.
Theoretically we are interested in these magnetic insulators because of their simplified
electron coupling behavior attributed to confined, as opposed to extended, transition
metal oxide frameworks.
TM-oxide nanostructures, in the form of clusters, chains and layers, frequently mimic
the structural units found in bulk oxides of technological importance.7 In a couple of
previously synthesized chemical systems, we have demonstrated that oxy compounds of
this kind adopt nanostructures of well-known early transition metal oxide frameworks.
These include, for instance, (1) La4Ti(Si2O7)2(TiO2)4m containing single- (m = 1) and
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double- (m = 2) sheets of mixed-valent rutile [(TiIII/IVO2)4m]4- slabs8 and (2)
(Ba3Nb6Si4O26)n(Ba3Nb8O21) (n = 1~4) possessing slabs of the ReO3-type mixed-valent
niobate(IV/V) columns.9 There are also other examples showing nanostructures including
spin-sheets in NaMnAsO4, spin-chains in β-NaCuPO410 and Ba2Cu(PO4)2,11 spintetramers in Cu2PO4,12 Na5ACu4(AsO4)4Cl2 (A = Rb, Cs)13 and NaCuAsO414 and spintrimers in A2Cu3X4O12 (A/X = Li/Si, Na/Ge)12c,15 and Cs2Cu3P4O14.16
Exploratory synthesis,

targeting new

compounds

with

confined

magnetic

nanostructures, has led to the discovery of a new manganese(III) phosphate compound,
Ba2Mn3O2(PO4)3, The structure of this compound exhibits nanowires of corner-shared
MnO5/MnO6 polyhedral chains that are separated from each other by 6.112 Å (Mn…Mn
distances). Considerable separation is observed between the nanowires. This suggests that
the inter-chain magnetic interactions are relatively weak compared to the intra-chain
magnetic exchange between Mn3+ions . Otherwise the new compound has a quasi-twodimensional lattice characterized by the [Mn3P3O14]4- slabs with barium cation residing
between the parallel slabs and maintaining the interslab connectivity.
The title compound exibits interesting magnetization behavior. The hysteresis loops
show steps at regular intervals of applied magnetic field. These magnetization steps
resemble those previously observed in systems showing quantum tunneling of
magnetization17 at extremely low temperatures below Tc. The Tc of this compound below
which the magnetization steps were observed was as high as 5 K. In this chapter we will
discuss the synthesis, structure, magnetic property measurements, as well as structure and
property correlations of Ba2Mn3O2(PO4)3 that contains structurally isolated µ-oxo Mn-O
chains.
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Synthesis and Characterization of Ba2Mn3O2(PO4)3

Synthesis
Single crystals of Ba2Mn3O2(PO4)3 were grown using a eutectic RbCl/NaCl flux
(with the charge-to-flux ratio 1:3 by weight) in a fused silica ampoule. The reactants were
ground and loaded in a nitrogen-blanketed dry box and then sealed under vacuum prior to
heating. Brownish-black crystals were grown by introducing the reactants, Mn2O3 (2.97
mmol, Aldrich, 99%), P4O10 (1.48 mmol, Aldrich, 98+%) and BaO (3.96 mmol, Aldrich,
97+%), to a eutectic RbCl/NaCl flux with a flux to charge ratio of 3:1. The resulting
mixture was loaded into a silica ampoule and the reaction mixture was heated to 545°C at
1°C min-1, dwelled for two days, heated to 750°C at 1°C min-1, dwelled for four days,
then slowly cooled to 400°C at 0.1°C min-1, followed by furnace-cooling to room
temperature. Columnar crystals of Ba2Mn3O2(PO4)3 (30%) were isolated manually and
washed with deionized water using suction filtration methods. The reaction products also
contain other crystalline materials, including colorless crystals of BaNa2Mn(PO4)2 (60 %)
and light red crystals of Na3RbMn7(PO4)618 (10 %).
In an attempt to make Ba2Mn3O2(PO4)3 in polycrystalline form, a stoichiometric
mixture of Mn2O3 / BaO / P4O10 was heated in a sealed tube employing the same
temperature program used to grow crystals of this phase. The resultant product is not
homogeneous and the powder pattern look very complicated. However, some peaks
closely match with the calculated powder patterns of BaNa2Mn(PO4)2 (see Appendix I)
and BaMn(PO3)419 phases. We were unable to make the desired compound, possibly
because of these thermodynamically stable phases. Even in the original reaction, the
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dominant phase is the reduced phase, BaNa2Mn(PO4)2. Optimum conditions for these
three oxides to react, may be difficult to reach due to the broad distribution of melting
points of the reactants (BaO: mp =1923 °C, Mn2O3: mp =940 °C, P4O10: mp = 340 °C). A
stoichiometric mixture of different starting materials such as Ba(OH)2, Mn2O3 and P4O10
were heated in air to 300°C at 1°C min-1, isothermed for one day, heated to 750°C at 1°C
min-1, isothermed for one day, then furnace-cooled to to room temperature. This reaction
also failed to produce the Ba2Mn3O2(PO4)3 phase. Although the stoichiometric mixture of
Mn2O3 / BaO / P4O10 was heated at higher temperatures (950°C) no product was found.
We also attempted to grow crystals of Sr2Mn3O2(PO4)3 using a stoichiometric mixture of
Mn2O3 / SrO / P4O10 employing different reaction conditions such as using different
fluxes and different temperature programs with no success. Due to the high melting point
of SrO (mp = 2430 °C) we tried using both SrO2 and SrCl2 containing eutectic fluxes also
with no success.

Single Crystal X-Ray Diffraction
Single crystals of Ba2Mn3O2(PO4)3 were physically examined and selected under an
optical microscope equipped with a polarizing light attachment. The data crystal was
mounted on glass fiber with epoxy for the X-ray diffraction study. The data were
collected at room temperature and the structure was solved by direct method using the
SHELXL-97 program.20 Table 6.1 reports the crystallographic data of the title compound.
The atomic coordinates and the thermal parameters are listed in Tables 6.2 and 6.3
respectively. Selected bond distances and angles are listed in Table 6.4.
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Table 6.1 Crystallographic Data for Ba2Mn3O2(PO4)3
Chemical formula
Ba2Mn3O2(PO4)3
Crystal color, shape

Brownish-black, column

Crystal size (mm)

0.28 × 0.04 × 0.02

Formula weight (amu)

756.41

Space group

Pnma (No. 62)

a, Å

14.323(3)

b, Å

16.264(3)

c, Å

5.089(2)

V, Å3

1185.4(4)

Z

4

ρ calcd, g/cm3

3.686

Linear abs. coeff., mm-1

1.0000-0.6031

F000

1376

T, (K) of data collection

300(2)

Reflections collected

9105

Reflections unique

1080

Rint /Rsigmaa

0.0320/0.0630

Parameters refined (restraints)

110(0)

Final R1/wR2b/GOF(all data)

0.0453/0.0676/1.138

Largest difference peak /hole(e- / Å3 )

0.693/-0.908

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0314P)2 + 4.0408 P] where P = (FO2 + 2FC2)/3.

2
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Table 6.2 Atomic Coordinates and Equivalent Displacement Parameters for
Ba2Mn3O2(PO4)3
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
8d
0.13820(3)
0.58413(2)
0.23479(7)
0.0117(2)
Ba
Mn(1)

4c

-0.04488(9)

3/4

0.2674(2)

0.0071(3)

Mn(2)

8d

0.32497(6)

0.66554(6)

0.73256(2)

0.0077(2)

P(1)

8c

0.1194(2)

3/4

-0.2478(4)

0.0064(5)

P(2)

8d

-0.1134(1)

0.5651(1)

0.2626(3)

0.0077(3)

O(1)

4c

-0.1371(5)

3/4

0.001(1)

0.011(1)

O(2)

4c

-0.1661

3/4

0.526(1)

0.009(1)

O(3)

8d

0.1785(3)

0.4230(3)

-0.0217(8)

0.012(1)

O(4)

8d

0.3235(3)

0.5763(3)

-0.0070(8)

0.012(1)

O(5)

8d

-0.0382(3)

0.6330(3)

0.2570(8)

0.013(1)

O(6)

8d

0.1785(3)

0.6722(3)

0.6990(9)

0.0130(1)

O(7)

4c

0.0881(5)

3/4

0.0421(1)

0.0121(1)

O(8)

8d

0.0691(3)

0.5180(3)

-0.2609(9)

0.016(1)

O(9)

4c

0.0342(5)

3/4

0.570(1)

0.019(2)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.
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Table 6.3 Anisotropic Thermal Parameters (Å2)a for Ba2Mn3O2(PO4)3
Atom U11
U22
U33
U23
U13

U12

Ba

0.0101(2)

0.0126(2)

0.0126(2)

-0.0007(2)

-0.0011(2)

0.0021(1)

Mn(1)

0.0064(6)

0.0068(7)

0.0081(6)

0.000

-0.0016(6)

0.000

Mn(2)

0.0095(5)

0.0067(5)

0.0070(5)

-0.0003(4)

0.0004(4)

-0.0009(4)

P(1)

0.007(1)

0.006(1)

0.0058(11) 0.000

-0.0002(9)

0.000

P(2)

0.0091(8)

0.0062(8)

0.0078(8)

-0.0011(7)

-0.0002(6)

-0.0006(6)

O(1)

0.017(4)

0.010(4)

0.006(3)

0.000

-0.003(3)

0.000

O(2)

0.015(4)

0.008(4)

0.005(3)

0.000

0.000(2)

0.000

O(3)

0.014(3)

0.014(3)

0.010(2)

0.002(2)

-0.002(2)

0.005(2)

O(4)

0.015(3)

0.009(3)

0.012(2)

0.004(2)

-0.003 (2)

-0.007(2)

O(5)

0.009(2)

0.010(2)

0.020(2)

0.000(2)

0.000(2)

0.001(2)

O(6)

0.009(2)

0.013(3)

0.016(2)

-0.001(2)

0.001 (2)

0.001(2)

O(7)

0.015(4)

0.015(4)

0.006(3)

0.000

-0.001(3)

0.000

O(8)

0.018(2)

0.010(2)

0.019(2)

0.003(2)

-0.005(2)

0.003(2)

O(9)

0.010(4)

0.029(5)

0.018(4)

0.000

-0.005(3)

0.000

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 6.4 Bond Distances (Å) and Angles (deg) for Ba2Mn3O2(PO4)3
Mn(1)O6 Octahedra
Mn(1)-O(1)

1.896(6)

Mn(1)-O(2)

2.178(6)

Mn(1)-O(5)vi

1.906(4)

Mn(1)-O(7)

2.223(7)

Mn(1)-O(9)

1.913(6)

O(1)-Mn(1)-O(5)vi

90.9(1)

O(5)-Mn(1)-O(2)

93.3(1)

O(5)vi-Mn(1)-O(5)

173.4(3)

O(9)-Mn(1)-O(2)

89.1(3)

O(1)-Mn(1)-O(9)

172.1(3)

O(1)-Mn(1)-O(7)

103.1(3)

O(5)vi-Mn(1)-O(9)

89.6(1)

O(5)vi-Mn(1)-O(7)

86.7(1)

O(1)-Mn(1)-O(2)

83.0(3)

O(5)-Mn(1)-O(7)

86.7(1)

O(5) -Mn(1)-O(2)

93.3(1)

O(9)-Mn(1)-O(7)

84.8(3)

O(2)-Mn(1)-O(7)

173.9(2)

vi

Mn(2)O6 Octahedra
Mn(2)-O(2)vii

1.848(4)

Mn(2)-O(4)ii

Mn(2)-O(1)viii

1.893(4)

Mn(2)-O(6)

i

1.965(5)
2.107(5)
vi

Mn(2)-O(3)

1.937(5)

Mn(2)-Mn(2)

Mn(2)xi-O(1)-Mn(2)x

93.0(3)

Mn(2)xii-O(2)-Mn(2)xiii

96.0(3)

Mn(2)x-O(1)-Mn(1)

130.4(1)

Mn(2)xiii-O(2)-Mn(1)

117.2(2)

O(2)vii-Mn(2)-O(1)viii

81.8(2)

O(3)i-Mn(2)-O(4)ii

84.3(2)

vii

i

vii

2.747(2)

O(2) -Mn(2)-O(3)

177.5(2)

O(2) -Mn(2)-O(6)

94.8(2)

O(1)viii-Mn(2)-O(3)i

97.4(2)

O(1)viii-Mn(2)-O(6)

101.4(2)

O(2)vii-Mn(2)-O(4)ii

95.8(2)

O(3)i-Mn(2)-O(6)

87.6(2)

O(1)viii -Mn(2)-O(4)ii

163.8(2)

O(4)ii-Mn(2)-O(6)

94.7(2)
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Table 6.4 (cont’d) Bond Distances (Å) and Angles (deg) for Ba2Mn3O2(PO4)3
P(1)O4 Tetrahedra
P(1)-O(9)iii

1.532(7)

P(1)-O(7)

1.542(6)

O(9)iii-P(1)-O(7)
O(9)iii-P(1)-O(6)ix
ix

O(7)-P(1)-O(6)

P(1)-O(6)ix

1.546(5)

110.3(4)

O(7)-P(1)-O(6)iii

109.1(2)

109.3(2)

O(6)ix-P(1)-O(6)iii

109.8(4)

109.1(2)
P(2)O4 Tetrahedra

P(2)-O(8)iv

1.492(5)

P(2)-O(4)x

1.548(5)

P(2)-O(5)

1.543(4)

P(2)-O(3)iv

1.553(4)

O(8)iv-P(2)-O(5)

110.6(2)

O(8)iv-P(2)-O(3)iv

111.3(3)

O(8)iv-P(2)-O(4)x

111.1(3)

O(5)-P(2)-O(3)iv

108.4(3)

O(5)-P(2)-O(4)x

109.7(2)

O(4)x-P(2)-O(3)iv

105.6(3)

[Ba-O] Polyhedra
Ba(1)-O(5)

2.651(4)

Ba(1)-O(4)i

2.973(5)

Ba(1)-O(6)

2.823(5)

Ba(1)-O(3)

2.983(5)

Ba(1)-O(3)i

2.905(5)

Ba(1)-O(6)iii

3.134(5)

Ba(1)-O(8)

2.915(5)

O(4)-Ba(1)xiv

2.973(5)

Ba(1)-O(4)

2.929(5)

O(6)-Ba(1)ii

3.134(5)

Ba(1)-O(8)ii

2.953(5)

O(7)-Ba(1)vi

2.959(3)

Ba(1)-O(7)

2.959(3)

O(5)-Ba(1)-O(6)

90.4(1)

O(6)-Ba(1)-O(3)i

58.6(1)

O(5)-Ba(1)-O(3)i

148.7(1)

O(5)-Ba(1)-O(8)

79.9(1)

O(6)-Ba(1)-O(8)

168.8(1)

O(8)-Ba(1)-O(3)

50.4(1)
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Table 6.4 (cont’d) Bond Distances (Å) and Angles (deg) for Ba2Mn3O2(PO4)3
O(4)-Ba(1)-O(3)
66.6(1)
O(3)i-Ba(1)-O(8)
131.4(1)
O(5)-Ba(1)-O(4)

153.5(1)

O(8)ii-Ba(1)-O(3)

97.2(1)

O(6)-Ba(1)-O(4)

100.8(1)

O(7)-Ba(1)-O(3)

134.6(1)

O(3)i-Ba(1)-O(4)

50.1(1)

O(4)i-Ba(1)-O(3)

52.2(1)

iii

O(8)-Ba(1)-O(4)

85.9(1)

O(5)-Ba(1)-O(6)

94.3(1)

O(5)-Ba(1)-O(8)ii

75.7(1)

O(6)-Ba(1)-O(6)iii

117.3(1)

O(6)-Ba(1)-O(8)ii

61.7(1)

O(3)i-Ba(1)-O(6)iii

102.9(1)

O(3)i-Ba(1)-O(8)ii

85.3(1)

O(8)-Ba(1)-O(6)iii

58.6(1)

O(8)-Ba(1)-O(8)ii

120.2(2)

O(4)-Ba(1)-O(6)iii

59.1(1)

O(4)-Ba(1)-O(8)ii

130.8(1)

O(8)ii-Ba(1)-O(6)iii

169.8(1)

iii

O(5)-Ba(1)-O(7)

60.6(1)

O(7)-Ba(1)-O(6)

48.6(1)

O(6)-Ba(1)-O(7)

82.2(1)

O(4)i-Ba(1)-O(6)iii

138.8(1)

O(3)i-Ba(1)-O(7)

113.4(1)

O(3)-Ba(1)-O(6)iii

89.1(1)

O(8)-Ba(1)-O(7)

88.1(1)

O(8)ii-Ba(1)-O(4)i

50.1(1)

O(4)-Ba(1)-O(7)

96.9(2)

O(7)-Ba(1)-O(4)i

172.6(1)

O(8)ii-Ba(1)-O(7)

122.6(1)

O(5)-Ba(1)-O(3)

117.8(1)

i

O(5)-Ba(1)-O(4)

114.8(1)

O(6)-Ba(1)-O(3)

140.6(1)

O(6)-Ba(1)-O(4)i

92.2(1)

O(3)i-Ba(1)-O(3)

88.6(1)

O(3)i-Ba(1)-O(4)i

67.0(1)

Ba(1)-O(4)-Ba(1)xiv

113.0(1)

O(8)-Ba(1)-O(4)i

96.9(1)

O(4)-Ba(1)-O(4)i

88.9(1)

Symmetry transformations used to generate equivalent atoms: (i) 1 -x+1/2,-y+1,z+1/2;
(ii) 2 x,y,z+1; (iii) x,y,z-1; (iv) -x,-y+1,-z; (v) -x,-y+1,-z+1; (vi) x,-y+3/2,z; (vii)
x+1/2,y,-z+3/2; (viii) x+1/2,y,-z+1/2; (ix) x,-y+3/2,z-1; (x) x-1/2,y,-z+1/2; (xi) x-1/2,y+3/2,-z+1/2; (xii) x-1/2,-y+3/2,-z+3/2; (xiii) x-1/2,y,-z+3/2; (xiv)-x+1/2,-y+1,z-1/2.
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UV-Vis Diffuse Reflectance Spectroscopy
An optical absorption spectrum of the title compound was recorded on a PCcontrolled SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating
sphere. Brownish-black crystals of Ba2Mn3O2(PO4)3 were ground and smeared onto
Fisher brand filter paper for data collection. The reflectance data were collected in the
range of 200 nm (6.2 eV) to 2400 nm (0.5 eV) using a slow scan speed and then the data
were converted manually into arbitrary absorption units using the Kubelka-Munk
function.21

Magnetic Susceptibility
Temperature- and field-dependent magnetic measurements of Ba2Mn3O2(PO4)3 were
carried out with a Quantum Design SQUID MPMS-5S magnetometer. The measurements
were taken from 2 K to 300 K in the applied field of H = 0.5 T. Selected crystals of
Ba2Mn3O2(PO4)3 (12.3 mg) were ground and loaded into a gel capsule sample holder.
The magnetic susceptibility was corrected for the gel capsule and core diamagnetism with
Pascal constants.22
Crystals having a flat columnar shape with the longest dimension along c axis were
selected and were optically aligned with their c axis oriented along the magnetic field.
Due to the small crystal size an assembly of several crystals with a total mass of 2.2 mg
was used. The ac susceptibility measurements (in phase χ’ and out of phase χ”) were
recorded by means of a (Quantum Design) superconducting quantum interference device(SQUID), with a constant excitation field of hac = 3 Oe, and frequencies ranging from
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0.015 Hz to 1500 Hz. The data were recorded either versus temperature at a fixed
frequency or versus frequency at a fixed temperature. All the measurements in a dc
magnetic field of 550 Oe were recorded after a zero-field cooling from 35 K.

Results and Discussion
Structure
The crystal structure of Ba2Mn3O2(PO4)3 can be described as a three-dimensional
architecture containing one-dimensional wires and is built from MnO6, MnO5 and PO4
polyhedra. Figure 6.1 shows a perspective drawing of the Ba2Mn3O2(PO4)3 structure
viewed along the c axis. In this structure, the quasi-two-dimensional lattice is
characterized by the [Mn3P3O14]4- slabs, which are highlighted by thick and thin lines
representing the Mn-O and P-O bonds, respectively. The barium cation resides between
the parallel slabs and maintains the interslab connectivity through coordination to twelve
oxygen anions. There are two non-equivalent Mn atoms that form MnO6 and MnO5
polyhedra. Mn(1) possesses a distorted octahedral geometry and exhibits four short
equatorial Mn-O bonds and two long apical Mn-O bonds, thus forming a distorted MnO6
octahedron. Mn(2) is five coordinate, in a square pyramidal geometry, and the apical
oxygen of the MnO5 polyhedra is O(6). This [4+2]-distortion in MnO6 and squarepyramidal distortion in MnO5 are characteristic of the Jahn-Teller effect shown by
trivalent manganese. The Mn-O distances for MnO6 and MnO5 vary in the range of
1.848(4)-2.223(7) Å and the O-Mn-O bond angles vary in the of 83.0(3)-177.5(2)° (Table
6.4). The large variation in the bond distances and angles suggest the distortions in the
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manganese oxygen polyhedra. Both crystallographically independent phosphorous atoms
are surrounded by four oxygens to form almost regular tetrahedron.
As shown in Figure 6.2, the roles of the two phosphate groups are different. P(1)O4
tetrahedra share corner apical oxygen, O(6), of the MnO5 square pyramids and also two
equatorial oxygen, O(7) and O(9), with MnO6 octahedra creating interconnectivity of the
manganese(III) oxide nano wires along the a axis. P(2)O4 tetrahedra on the other hand
share corner apical oxygen, O(5), with MnO6 and equatorial oxygen, O(3) and O(4) with
the MnO5 polyhedra, separating the parallel manganese(III) oxide wires along the ac
plane (Fig. 6.2). The unshared oxygen, O(8) points into the valley of the neighboring
slabs. Figure 6.3 shows the manganese-oxygen polyhedra that are both edge- and cornershared to each other and form an infinite chain (nonowire) running along c axis where
MnO5 square pyramids and MnO6 octahedra are joined at common µ3 oxygen atoms,
O(1) and O(2). MnO5 square pyramids share a common edge, made of these two µ3
oxygen atoms, to form a Mn2O8 unit. MnO6 octahedra corner-share with this Mn2O8 unit
through oxygens O(1) and O(2), forming a µ3-oxo bond. Pivoting on the oxo-oxygens,
Mn2O8 and MnO6 alternate along the c axis forming a wavy wire due to MnO6 octahedra.
Each Mn atom is connected to the other Mn atoms via µ3-oxo bridging modes with a
Mn1…Mn2 separation of 3.440(1) Å and a Mn2…Mn2 separation of 2.747(1) Å along the
chain. There are two different types of µ3-oxo groups: a “planer” one with 2× ∠Mn(1)O(1)-Mn(2) angle of 130.44(3)º and a 2× ∠Mn(2)-O(1)-Mn(2) angle of 93.02(4)º, and a
pyramidal µ3-oxo group with a 2× ∠Mn(1)-O(2)-Mn(2) angle of 117.19(3)º and 1×
∠Mn(2)-O(2)-Mn(2) angle of 96.00(4)º as shown in Figure 6.4. Planer µ3-oxo groups are

162

Figure 6.1 Perspective view of Ba2Mn3O2(PO4)3 showing the Mn-O-P slabs stacking
along b with the Ba2+ cations residing in between the parallel slabs.
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Figure 6.2 P(1)O4 tetrahedra corner share with apical oxygens, O(6) of MnO5 square
pyramids and also corner share with MnO6 octahedra to interconnect manganese(III)
oxide wires. The P(2)O4 tetrahedra corner share with MnO6 through oxygen, O(5) and
MnO5 through oxygens, O(3) and O(4), limiting its bonding with the manganese(III)
oxide wire it self.

Figure 6.3 MnO5 square pyramids share a common edge, O(1)-O(2) to form Mn2O8 unit
and MnO6 octahedra (ball-and-stick drawing) corner share with the Mn2O8 unit (left).
Mn(2)O5 and Mn(1)O6 polyhedra are both edge- and corner-shared to each other
(polyhedral drawing) and form an infinite wire running along c (right).
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Figure 6.4 The Mn-O distance around O(1) is more homogeneous where the Mn-O(1)
bond lengths are 1.896(7) for Mn(1) and 1.893(4) Å for Mn(2). The distance around O(2),
however, is less symmetrical and the Mn-O bond lengths are 2.178(6) for Mn(1) and
1.848(4) Å for Mn(2).
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Figure 6.5 The barium cation resides in a BaO12 environment.
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more symmetrical in terms of the Mn-Ooxo bond lengths 1.893(4) and 1.896(7) Å for
Mn(2)-O(1) and Mn(1)-O(1), respectively. Pyramidal µ3-O groups are asymmetrical
based on different bond lengths 1.848(4) and 2.178(6) Å for Mn(2)-O(2) and Mn(1)-O(2)
respectively. As shown in Table 6.4, for Mn(1) the MnO6 octahedron adopts bond
distances normally observed for Mn3+. The Mn3+-O bond distances range from 1.89 Å to
2.22 Å and are comparable with the sum of the Shannon crystal radii23, 2.00 Å, for a six
coordinated Mn3+ (0.78 Å) and three-coordinated O2- (1.22Å). The bond valence sum
calculations24 for Ba2Mn3O2(PO4)3 give the value of 3.31 for Mn(1)3+, and 3.07 for
Mn(2)3+. A bond valence calculation, based on parameters for P5+-O, gives a bond
valence sum of 4.91 for P(1)5+ and 5.02 for P(2)5+. In the partial structure of the extended
[Mn3P3O14]4- slab, the two parallel slabs are cross-linked by the barium cations. The
barium cations are situated above and below the space between the two parallel slabs and
cap this space by forming twelve Ba-O bonds. The barium cation resides in a BaO12
environment that can be seen in Figure 6.5. The Ba-O bond distances are quite diverse,
ranging from 2.65 Å to 3.52 Å. The average Ba-O bond distance of 3.01 Å, however,
matches closely with 2.99 Å, the sum of the Shannon crystal radii for a twelve
coordinated Ba2+ (1.75 Å) and four-coordinated O2- (1.24Å). The bond valance sum
(BVS) calculation for Ba2+ results in a value of + 1.97.

Magnetic Susceptibility
The temperature dependence of magnetic susceptibility for Ba2Mn3O2(PO4)3 was
measured in an applied field of 0.5T (Figure 6.6) and 0.01 T (Figure 6.7). The Figure 6.6
points to a ferro- or ferrimagnetic transition at Tc ~8 K. According to the χ-1 (inverse
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molar susceptibility) versus T (temperature) plot, the material undergoes possibly a ferroor ferrimagnetic ordering at approximately 8 K where there is a significant susceptibility
increase in the temperature range of 15 K to 2 K. This is further supported by the sharp
rise below 8 K in χT vs. T plot. The least-squares fit of the high-temperature (200-300 K)
data to the Curie-Weiss equation, χ = C/(T - θ), where C is the Curie constant, and θ is
the Weiss constant, yielded the best-fit values of C = 2.82(2) emu·K/mol and θ =-208(1)
K. The calculated µeff of 4.7(4) µB is close to the ideal value 4.89 µB for a spin-only value
4
3+
of d Mn . The χΤ versus T curve measured in the field of 5000 Oe is shown in inset of

Figure 6.6. The χΤ first decreases continuously with the decrease of temperature and
reaches a minimum of 0.75 emu K mole-1 at ~20 K. The decrease of χΤ suggests a
dominant antiferromagnetic interaction. On further cooling, the rapid increase in
χΤ suggests a ferromagnetic transition.
Weak ferromagnetism present in an antiferromagnetic system is frequently observed
in low-dimensional structures.25 The change of phase from a low-dimensional
antiferromagnetically coupled state to a weakly ferromagnetic state is due to spin canting,
where the local spins in the ordered magnetic state are not perfectly antiparallel, leading
to a net spontaneous magnetization.26 In the title compound, the stronger magnetic
exchange might be dominated by intralayer interactions, predominately within those
individual Mn-O-Mn nanowires. Within the [Mn3P3O14]4- slab, the chain of MnO5/MnO6
polyhedra are separated from each other by 6.112 Å (Mn…Mn distances). This, together
with a distance of 6.331 Å between chains in adjacent slabs, suggests that magnetic
interactions between them are comparatively weak and the dominant magnetic exchange
is between Mn3+ ions within the nanowire. Within the extended wire MnO5/MnO6
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polyhedra are connected by sharing common edges and corners with Mn(2)…Mn(2)
distances of 2.747(1) Å and Mn(1)…Mn(2) distance of 3.440(1) Å as shown in Figure 6.8
The Mn(1)…Mn(2) distance is too large for significant direct magnetic exchange to occur,
suggesting that coupling occurs likely via the oxygen anions. The possible Mn-O-Mn
superexchange pathways with cation-anion-cation angles ranging from 117.19(3)º to
130.44(3)º. The qualitative coupling rules developed by Goodenough27 and Kanamori28
suggest that correlation superexchange between two high-spin d5 ions via anion p-orbitals
will be antiferromagnetic for all Mn-O-Mn angles in the range 90-180°. However,
Goodenough rules are not clearly stated for magnetic solids made up of Jahn-Teller ions
that exhibit a wide variation in the M-L bond lengths and asymmetry of the M-L-M
bridges. For example, the magnetic structure of CaMn2O4 observed from neutron powder
diffraction measurements shows that the antiferromagnetic interactions of the Mn-O-Mn
paths depend primarily on the symmetry and the Mn-O bond length of the Mn-O-Mn
bridge, but not on ∠Mn-O-Mn bond angle for the Jahn-Teller distorted Mn3+ ion.29
According to this work, if the M-L-M bridge is symmetric (or nearly symmetric) and is
made up of short M-L bonds, the strength of the AFM interaction should increase with
shortening of the M-L bond length and increasing ∠Mn-O-Mn bond angle to 180º, but
the bond length variation is more important than the bond angle variation. If the M-L-M
bridge is symmetric and made up of longer M-L bonds, substantial AFM interactions,
across the M-L-M bridge is possible. For an asymmetric M-L-M bridge, superexchange
interaction is most likely FM. On the basis of the crystal structure of Ba2Mn3O2(PO4)3
there are four possible superexchange paths, Mn(2)-O(1)-Mn(2), Mn(2)-O(2)-Mn(2),
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Figure 6.6 Temperature dependence of magnetic susceptibility of Ba2Mn3O2(PO4)3 at
5000 Oe. The inset shows the χT vs T plot.
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Mn(1)- O(1)-Mn(2) and

Mn(2)-O(2)-Mn(1). Both Mn(2)-O-Mn(2) bridges are

symmetric and the bridging Mn-O bonds are relatively short [e.g., Mn-O = 1.893 Å in the
path Mn(2)-O1-Mn(2) and Mn-O = 1.848 Å in the path Mn(2)-O2-Mn(2)] so that strong
AFM interactions occur in these pathways and the strength of the AFM interactions
decrease in the order Mn(2)-O(2)-Mn(2) > Mn(2)-O(1)-Mn(2) due to shorter Mn(2)-O(2)
bond lengths. The other two Mn(2)-O-Mn(1) bridges are quite asymmetric [e.g., Mn-O =
1.893/ 1.896 Å in the path Mn(1)-O1-Mn(2) and Mn-O = 1.848/ 2.178 Å in the path
Mn(2)-O(2)-Mn(1)]. Mn(1)-O(1)-Mn(2) can be still considered to be weakly
antiferromagnetic due to less asymmetry but the highly asymmetric Mn(2)-O(2)-Mn(1)
path makes the superexchange interaction most likely ferromagnetic. However as shown
in Figure 6.8, it is hard to assign spins on Mn(1) as these magnetic ions reside in a
triangular lattice and this system can be described as a geometrically frustrated magnetic
(GFM) lattice.30 In a triangular lattice it is not possible to schematically draw antiparallel
arrows along each of the three edges of the triangle. A family of 1D compounds in which
the chains form a triangular lattice has attracted considerable attention.31
The presence of a ferromagnetic component at low temperatures in the title
compound was proven by collecting magnetization data as a function of applied field on a
ground sample of single crystals. The field dependence of the magnetization of
Ba2Mn3O2(PO4)3 is shown in Figure 6.9. The magnetization vs. field plot taken at low
temperatures shows a magnetic hysteresis. On closer examination, at 2 K, 3.5 K and 5 K
it is interesting to see the stepwise variation in the hysteresis curves. The steps in
magnetization are due to a sudden increase in the decay rate of magnetization occurring
at specific field values and have been attributed to field-tuned resonant magnetization
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?

?

Figure 6.8 Possible superexchange pathways in the extended Mn-O chain containing
interconnected triangular Mn lattices. (top) Within the extended chain Mn(2)…Mn(2)
distances is 2.747(1) Å and Mn(1)…Mn(2) distance is 3.440(1) Å (bottom).
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tunneling in molecular magnets.32
In the single-molecule magnet systems, slow relaxation of the magnetization is
closely associated with their intrinsic properties of high spin ground state and high
uniaxial anisotropy.33 The large ground state, together with considerable negative
magnetic anisotropy, creates an energy barrier for reversal of the “spin-up” and “spindown” states, as shown in the schematic drawing of the potential energy diagrams (Figure
6.10). In this diagram, a plot of the potential energy for a single molecule vs. the
magnetization direction yields doubly-degenerate ground states and a set of excited levels
corresponding to different levels, ms = ± S, ± S-1,…,0 of the total spin due to the strong
uniaxial anisotropy. In zero field (Figure 6.10a) tunneling may occur not only between
the lowest-lying states ms = ± S, but also between pairs of degenerate excited states, and
this phenomenon is called phonon-assisted (or thermally activated) tunneling.2e In the
presence of an applied magnetic field (Figure 6.10b), ms levels are not degenerate where
the energy of the +ms level increases and that of -ms level decreases. However, thermallyassisted tunneling and tunneling from the ground state of the metastable well occurs.
Steps in hysteresis loop resulting from tunneling of magnetization have also been
reported for condensed solids including the “spin-ice” pyrochlore34 (Dy2Ti2O7 and
Ho2Ti2O7) where the steps are attributed to the geometrically frustrated lattice. In
Ca3Co2O635 the steps are due to ions with uniaxial magnetic anisotropy. The occurrence
of a multitude of magnetization steps of extended solids have been attributed to
avalanche like phenomenon,36 spin rearrangements,37 and domain-wall depinning.38 The
occurrence of avalanche like magnetic steps at low temperature is attributed to reduced
spin-lattice coupling. The spin rearrangements can be understood as consequence of the
appearance of different magnetic behavior as a function of magnetic field. In the
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depinning process of the domain walls, stepwise changes are attributed to jumps in
magnetization.
The single crystals of the title compound were optically aligned with their axes and
the field dependence of the magnetization was measured on oriented single crystals,
applying the field along a, b and c axes below 5 K. The magnetization curve taken at 1.80
K, on crystals aligned along the a axis, depicted in Figure 6.11a, reveals a hysteresis loop
with a step around 1.4 T, whereas the magnetization curve taken at same temperature on
crystals aligned along b axis (Figure 6.11b) also indicates a hysteresis loop with a step
around 0.2 T. However, the corresponding coercive fields for both hysteresis are
relatively small: ~75 Oe for former and ~100 Oe for latter, as shown in insets of Figure
6.11a and 6.11b, respectively. The axis of the extended Mn-O chain can be easily
recognized since it corresponds to the elongation axis of the crystals, which have the
shape of flat columns. The axes of the crystals were determined by taking axial photos.
Figure 6.12 shows steps in the hysteresis in at T = 1.8 K, 2.0 K, and 5.0 K. These
measurements were performed on oriented single crystals with fields applied along the
Mn-O chains and perpendicular to the chains. Field dependent studies, performed at 1.8
K along all three crystallographic axes, imply that the chain axis is close to the easy axis.
Magnetic anisotropy is confirmed by the field-dependent magnetization plot. Saturation
occurs quicker when the field is applied along the chain direction, so the c-axis can be
considered to be the easy axis. The ease of saturation of the magnetization in three
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Figure 6.9 Field dependence of magnetization of a powdered sample of
Ba2Mn3O2(PO4)3 at 2 K, 3.5 K and 5 K.
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(a)

(b)

Figure 6.10 Schematic diagram of double-well potential: (a) In the absence of an
external magnetic field and (b) in the presence of a magnetic field.
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Figure 6.11 (a) Hysteresis loops recorded at T = 1.8 K using single crystals aligned
along the a axis. (b) Hysteresis loops recorded at T = 1.8 K using single crystals aligned
along the b axis.
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perpendicular directions follows the order, c-axis > a-axis > b-axis. The considerable
saturation of magnetization present along the a-axis is in agreement with the geometry of
the coordination sphere of Mn3+(2), which exhibits a Jahn-Teller distortion along the aaxis. Unlike most SMMs, the hysteresis in title compound, exhibits absence of step at
zero field. A similar phenomenon is found in a supramolecular dimer of single-molecule
magnets (SMMs),39 where the nonexistence of step at zero fields is attributed to absence
of tunneling. This is important for magnetic materials that are to be used for information
storage. This application requires the option to switch on tunneling, if and when required,
by application of a field. In single chain magnet systems, slow relaxation is induced by
the uniaxial anisotropy and high-spin ground state, which adapt the same characteristics
as those in single-molecule magnet systems.4g The slow relaxation of a one-dimensional
system possessing ferromagnetic coupling was first predicted by Glauber4a in 1963 and
the first evidence of slow relaxation in a one-dimensional system was reported by
Caneschi in 2001.4b
To study the slow relaxation of the magnetization, AC susceptibility measurements
(AC a function of the temperature and the frequency) can be performed to determine the
rate of the magnetization decay. In the AC susceptibility experiments, the direction of the
magnetic field is varied at a known frequency. A weak field (typically 1-5 Oe) oscillating
at a particular frequency is applied to a sample to probe the dynamics of its magnetization
relaxation. An out-of-phase AC susceptibility signal (χ”) is observed when the rate at
which the magnetization (magnetic moment) of a molecule (or collection of molecules)
relaxes (reorients) is close to the operating frequency of the ac field. Thus, if a magnetic
system is maintained at a certain temperature and the frequency of the ac magnetic field
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is varied, a maximum in the χ” signal will occur when the oscillation frequency of the
field equals the rate at which a molecule can interconvert between the halves of the
potential energy double well.40,2h
The AC susceptibility of Ba2Mn3O2(PO4)3 was performed on single crystals with ac
fields applied along the c axis. First, the temperature dependence of real χ’ and imaginary
χ” parts of the AC susceptibility were measured in the temperature range 2.0-8.0 K under
an oscillating AC driving field of 3 Oe and zero DC field at different frequencies.
However the imaginary χ”signal could not be achieved. Added to that, the real
components χ’at different frequencies did not shift to higher temperatures; instead, the
peaks overlapped. This phenomenon is not surprising, however, since the absence of step
in the hysteresis loop at zero field in the title compound is reminiscent of the single
molecular magnet, [Mn4]2 dimer39b where the nonexistence of step at zero field is
attributed to absence of tunneling at a zero magnetic field.
The AC susceptibility of Ba2Mn3O2(PO4)3 crystals was therefore measured in a 550
Oe dc field with a 3 Oe ac field at the frequencies of 0.015 Hz, 0.15 Hz, 1 Hz, 10 Hz, 50
Hz, 100 Hz, 500 Hz, 1000 Hz and 1500 Hz. Figure 6.13. shows χ’(T) curves recorded in a
field of 550 Oe at different frequencies between 0.015 Hz and 1500 Hz and the
corresponding imaginary part, χ”(T) is shown in Figure 6.14. In order to determine the
relaxation time of the system, additional ac susceptibility measurements as a function of
ac frequency (f) were performed at fixed temperatures between 2.5 and 5.8 K. The
frequency dependence of real (χ’) and imaginary (χ’’) parts of the ac susceptibility
measured are illustrated in Figure 6.15.
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Figure 6.13 χ’ data of Ba2Mn3O2(PO4)3 in the field of 550 Oe, recorded at
different frequencies: 0.015 Hz (squares), 0.15 Hz (pentagons), 1 Hz (triangles
left), 10 Hz (triangles right), 50 Hz (diamonds), 100 Hz (triangles down), 500 Hz
(triangles up), 1000 Hz (stars), 1500 Hz (circles).
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Figure 6.14 χ’’ data of Ba2Mn3O2(PO4)3 in the field of 550 Oe, recorded at
different frequencies: 0.015 Hz (squares), 0.15 Hz (pentagons), 1 Hz (triangles
left), 10 Hz (triangles right), 50 Hz (diamonds), 100 Hz (triangles down), 500 Hz
(triangles up), 1000 Hz (stars), 1500 Hz (circles).
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Figure 6.15 .χ’’(f) data of Ba2Mn3O2(PO4)3recorded at different temperatures: 2.5 K
(hexagons), 2.8 K (squares), 3 K (triangles up), 3.5 K (triangles down), 3.9 K
(diamonds), 4.5 K (triangles left), 5 K (triangles right), 5.2 K (circles), 5.3 K (stars),
5.5 K (pentagons), 5.6 K (asterisks), 5.8 K (crosses).
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Figure 6.16 (a) Temperature dependence of the characteristic spin-relaxation time in the
field of 550 Oe, which was derived from the location of the peaks in χ” (T) or χ” (f). The
squares come from χ” (T) curves and the circles come from χ” (f) curves. (b)
Temperature dependence of ln( τ/τ0)-1 where the values of the relaxation time τ are
extracted from χ”(T)f .
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Figure 6.17 (a) Cole-Cole plot of the susceptibility data of Ba2Mn3O2(PO4)3 at different
temperatures: 5.8 K (asterisks), 5.6 K (squares), 5.5 K (circles), 5.3 K (triangles down),
5.2 K (diamonds), 5 K (triangles up), 4.5 K (triangles left), 3.9 K (stars). (b) Cole-Cole
plot of the susceptibility data at low temperatures: 2.5 K (pentagons), 2.8 K (hexagons),
3 K (triangles right), 3.5 K (squares).
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χ’’ is strongly frequency dependent, confirming the slow relaxation of the
magnetization, similar to the behavior observed in SMMs and SCMs as a signature of the
magnetization slow relaxation. The χ’’(T) and χ’’(f) data allow for direct extraction of
characteristic spin-relaxation time, τ. The spin-relaxation time is equal to the
characteristic time of the measurement (1/2πf).41 From the location of the peaks in χ’’(T)
and χ’’(f) curves, the temperature dependence of the spin relaxation time was obtained
and the results are shown in as τ vs. 1/T plot shown in Figure 6.16a. The χ’’(T) data
follows an Arrhenius regime and below 4.5 K, χ’’(f) the data split. The Arrhenius law
behavior indicates that the spin-relaxation process is thermally driven. The variation of
the relaxation time was plotted as [ln(τ/τ0)]-1 vs. T as shown in Figure 6.16b, where τ0 = 1
× 10-12 s was determined from an extrapolation of the data to high temperature in χ” (T)
curves. Above 5 K, the data are linear with the temperature and is in good agreement with
the thermally activated law, τ = τ0 exp(∆/kT), with ∆~111 K.
From χ’’ and χ’ values measured as a function of frequencies, Cole-Cole or Argand
plots (χ’’ vs. χ’) were obtained. If only one relaxation process is present the Cole-Cole
plot should give a semicircle,42 and such behavior has been reported for several SMMs.
Figure 6.17 shows the Cole-Cole or Argand plot for the ac susceptibility data, in which
using frequency dependent data χ’’ is plotted vs. χ’ for all frequencies at fixed
temperatures as indicated. Impotently, for a given temperature the data do lie on a nearly
symmetrical shape, thus the semicircular character of the plots at low temperatures
demonstrates a corresponding single relaxation mode.
In order to establish more evidence to support this single relaxation mode, AC
magnetic susceptibility data were collected as a function of frequency at 3.5 and 4.5 K for
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Figure 6.18 (a) χ’’(f) data of Ba2Mn3O2(PO4)3 at a constant temperature of 3.5 K,
recorded at different fields: 500 Oe (squares), 520 Oe (pentagons), 540 Oe (triangles
left), 550 Oe (triangles right), 600 Oe (diamonds), 650 Oe (triangles down), 700 Oe
(triangles up), 750 Oe (circles). (b) χ’’(f) data at a constant temperature of 4.5 K,
recorded at different fields: 500 Oe (squares), 550 Oe (pentagons), 600 Oe (triangles
left), 650 Oe (triangles right), 700 Oe (diamonds), 750 Oe (circles).
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Figure 6.19 The field dependence of the characteristic spin-relaxation time, τ at
different temperatures on Ba2Mn3O2(PO4)3.
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different dc fields between 500 and 750 Oe. As shown in Figure 6.18 the out-of-phase
components of the ac susceptibility χ” are plotted vs. frequency at eight different dc field
values at 3.5 K and six different dc field values at 4.5 K. In both cases with increasing
field, the out of phase peaks shift to higher frequencies. Generally, in SMM systems
magnetic relaxation proceeds by spin reversal via thermal excitation over the anisotropy
barrier and/or by quantum tunneling across the potential barrier. In the title compound, if
only thermally activated processes were involved, the χ” peaks corresponding to
increasing magnetic fields should overlap regardless of the reduction in activation barrier
height as a function of field since the measurements were carried out at constant
temperature. As indicated in Figure 6.19, the application of a magnetic field significantly
affects the spin relaxation process. As the field is increased, the relaxation time decreases
due to reduction of activation barrier height.43
Often the final proof for quantum tunneling is associated with the temperature
dependence of the relaxation time. This limit is never reached experimentally for this
compound because below 2 K relaxation time, τ becomes extremely long, and reliable
measurements become practically impossible due to the available range of frequencies.
In the easy-axis direction (along the magnetic chain), the hysteresis curves at 2 K and 1.8
K overlap. Unfortunately due to the limitations in the SQUID magnetometer, we cannot
reach temperatures below 1.8 K, however one can expect that the hysteresis curves will
coincide at lower temperatures too. Based on the present measurements, we can conclude
that in agreement with the field dependence of magnetization, the magnetization
relaxation is dominated by a temperature independent process. This tendency is also
observed in previously reported SCM systems4g, 44 and is also reminiscent of the behavior
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Figure 6.20 Temperature dependence of the heat capacity for Ba2Mn3O2(PO4)3
measured on single crystals under zero and several applied fields.
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Figure 6.21 UV-vis diffuse-reflectance spectra of Ba2Mn3O2(PO4)3.
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observed in SMMs when the quantum tunneling becomes the dominant pathway for the
relaxation.
The heat capacity of Ba2Mn3O2(PO4)3 was measured on single crystals in the
temperature range 0.2-14 K under an applied dc field of 0, 0.4, 1, 2, 5, 7, 10, and 14 T. As
shown in Figure 6.20, at zero field, measurements show the presence of lambda peaks,
the first at 2.1 K and the second at 6.3 K. These data unambiguously prove magnetic
phase transitions occur at these temperatures. Both transitions are greatly affected by the
applied magnetic field. Above 2T, the second transition is suppressed and the peak
positions are not depend on the magnitude of the applied field. However, the first
transition shifts to higher temperatures upon increasing the magnitude of the applied
field. In contrast to this behavior, in spin ice (Dy2Ti2O7)45 three sharp peaks at T = 0.34,
0.47 and 1.12 K are found and the peak temperatures are field-insensitive.
To understand the electronic nature of the cluster, a UV-vis study was performed. The
electronic absorption spectrum of the title compound is shown in Figure 6.21. The
absorption above 4 eV can be assigned to the LMCT originating from the PO4 group and
the absorption band around 2.5 eV could be due to d-d transition. These bands are closely
comparable with those acquired in earlier studies.46
In summary Ba2Mn3O2(PO4)3 is one of the few magnetic insulators that show stepped
magnetization and slow relaxation which is attributed to quantized magnetic
nanostructures. The structure is characterized by [Mn3P3O14]4- slabs in which the onedimensional, infinite Mn-O chain made up of interconnected triangular lattices via µ3bridging modes is assumed to behave like a magnetically frustrated system. The Mn3+
oxidation state is established by the study of BVS calculations. Magnetic measurements
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reveal that this compound shows ferrimagnetism below 8 K. The structurally isolated
infinite Mn-O-Mn nanowires are believed to be responsible for this behavior. The strong
frequency dependence of the ac susceptibility and the slow relaxation of the
magnetization are characteristic of quantum tunneling of magnetization (QTM). This
compound is unusual because the hysteresis loops display no step at zero field, meaning
that no tunneling occurs at zero field. Unfortunately, due to the frequency limitations of
the SQUID magnetometer, we could not determine temperature independent relaxation
time, τ, due to ground state tunneling. However based on the fact that the hysteresis
curves coincide at lower temperatures, one can assume that the magnetization relaxation
is likely dominated by a temperature-independent process. The present study has shed
new light on the synthesis of high nuclearity single-chain magnets that may enable the
storage of information at the molecular and nanoscale level. It opens the possibility of
potential use of condensed solids with one-dimensional (1D) magnetic nanostructures for
information storage. The synthesis of this novel compound and elucidation of its
magnetic properties will promote further development of new structurally isolated
framework materials with interesting properties.
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CHAPTER 7
SYNTHESIS, STRUCTURE AND MAGNETIC PROPERTIES OF MIXED-VALANCE
Mn(II,III) ARSENATE: Na3Mn7(AsO4)6 AND STRUCTURALLY RELATED
KNaMn3(AsO4)3 AND BaNa4Mn6(AsO4)6
Introduction
There has been a great deal of research activity dealing with mixed-valence transition
metal oxides that exhibit electronic instabilities such as superconductivity, charge density
waves and magnetic ordering.1-6 Various types of transition metal (TM) oxides are
constructed through the condensation of metal (M) centered MO6 octahedra by sharing
their vertices, edges or faces.7 As mentioned in Chapter 1. the corner-shared octahedral
structure is characterized uniquely by metal-oxygen-metal (M-O-M) interactions,
whereas the face-sharing structure is dominated by metal-metal (M-M) interactions. In
the edge-sharing structure, both M-M and M-O-M interactions are responsible for the
unique behaviors of valence electrons, such as delocalization of conducting electrons that
gives rise to metallic conductivity8 and the spin interactions that induce magnetic
coupling via a commonly known superexchange mechanism.9 The most interesting nature
of the inorganic chemistry of manganese complexes is the ability to adopt different
oxidation states of manganese. Complexes have been prepared that contain manganese in
the 3-, 2-, 1-, 0, 1+, 2+, 3+, 4+, 5+, 6+ and 7+ oxidation state.10 Since the manganese ion
is flexible enough to adapt a variety of valence states, it can possess different kinds of
magnetic moments depending on its usual high-spin valence states (S = 5/2, 2, and 3/2 for
Mn2+, Mn3+ and Mn4+, respectively). Manganese oxides show a variety of magnetism
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where MnO, Mn3O4 and β-MnO2, for instance, show antiferromagnetism, ferrimagnetism
and helical magnetism, respectively.11-13
In recent studies of the A-Mn-As-O systems (A = monovalent metal cations), a new
manganese arsenate phase, Na3Mn7(AsO4)6, has been isolated in our pursuit of mixedvalent Mn(II,III) systems. Prior to this study, a number of organic based mixed-valent
manganese multinuclear complexes,14 as well as one-dimensional chain complex
polymers of Mn2+ or Mn3+, have been structurally and magnetically characterized.15
Meanwhile, several manganese arsenate minerals16 such as allactite, brandtite, flinkite,
geigerite, jarosewichite, sarkinite, sterlinghillite and villyaellenite are known. Synthetic
mixed-valent manganese arsenate, Na1.72Mn3.28(AsO4)3 has been reported.17
In our previous studies, we have shown the rich structural chemistry of the A-M-AsO systems (M = first-row transition metals). Thus far, we have reported two manganese
arsenates whose structure and magnetic properties were completely studied, e.g.,
RbMn4(AsO4)3,18 NaMnAsO4.19 The title compound adopts a new structure type which
consists of zigzag sheets of MnO6 octahedra that are interconnected by “trimeric”
subunits made of edge sharing MnO6 octahedra and by AsO4 tetrahedra. We report here
the synthesis, structure and magnetic properties of new mixed-valent manganese(II, III)
arsenates,

Na3Mn7(AsO4)6,

and

the

structurally

BaNa4Mn6(AsO4)6.
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related

KNaMn3(AsO4)3 and

Synthesis and Characterization of Na3Mn7(AsO4)6, KNaMn3(AsO4)3 and
BaNa4Mn6(AsO4)6

Synthesis
The reactants were ground, loaded in a nitrogen-blanketed dry box, and then sealed
under vacuum prior to heating. Deep-brown crystals of Na3Mn7(AsO4)6 were grown by a
two-step process. Initially, the precursor was prepared in a quartz tube by calcining a
stoichiometric mixture of NaOH (3 mmol, Strem, 97%), MnO (5mmol, Aesar,
99.999+%), Mn2O3 (1 mmol, Aldrich, 99.999+%) and As2O5 (3 mmol, Strem, 99.9+%) in
air at 550 ºC. A eutectic flux of 40% BaCl2 (Aldrich 99.9%) and 60% NaCl (Strem
99.999%), mp = 660 ºC, was employed with a flux to precursor ratio of 3:1 (by weight)
for the crystal growth experiment. The mixture was heated to 545 ºC, at 1 ºC min-1 and
isothermed for one day, heated to 750°C at 3°C min-1, dwelled for two days, then slowly
cooled to 400°C at 0.1°C min-1, followed by furnace-cooling to room temperature.
Columnar crystals of Na3Mn7(AsO4)6 (40 % yield) were isolated manually and washed
with deionized water using a suction filtration method. The reaction products show no
other crystalline material, except the pink phase of BaMnAsO4Cl (20 % yield). This is a
noncentrosymmetric (NCS) material which consists of three independent [MnAsO4]∞
spirals propagating around the 21-screw axes along [1, 0, 0], [0, 1, 0] and [0, 0, 1]
directions and intersect at a point. (see Appendix I)
The attempts for stoichiometric synthesis were not successful, thus a different route to
grow higher-yield crystals of Na3Mn7(AsO4)6 was carried out by using NaCl as the flux.
A mixture of MnO (2.25mmol, Aesar, 99.999+%), Mn2O3 (0.2 mmol, Aldrich,
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99.999+%) and As2O5 (1.25 mmol, Strem 99.9+%) was ground with a NaCl flux with a
3:1 flux to charge ratio, by weight, for crystal growth. The mixture was heated to 600 ºC,
at 1 ºC min-1 and dwelled for two days, heated to 850°C at 3°C min-1, dwelled for two
days, then slowly cooled to 400°C at 0.1°C min-1, followed by furnace-cooling to room
temperature. A yield as high as 90 % of Na3Mn7(AsO4)6 crystals was obtained in this
reaction.
Single crystals of KNaMn3(AsO4)3 were grown by employing a NaCl/KCl flux in a
fused silica ampoule. The flux used was 56% NaCl (Strem, 99.999%) and 44% KCl
(Alfa, 99.9%) by moles. The reactants were ground and loaded in a nitrogen-blanketed
dry box and then sealed under vacuum prior to heating. Dark brown crystals were grown
by introducing the mixture of Mn2O3 (0.92 mmol, Aldrich, 99.999%), As2O5 (0.92 mmol,
Strem, 99.9+%) and BaO (0.92 mmol, Aldrich, 99.99+%) into the NaCl/KCl flux with a
flux to charge ratio of 3:1 by weight. The resulting mixture was loaded into a silica
ampoule and the reaction mixture was heated to 545°C at 1°C min-1, dwelled for two
days, heated to 750°C at 1°C min-1, dwelled for four days, then slowly cooled to 400°C at
0.1°C min-1, followed by furnace-cooling to room temperature. Columnar crystals of
KNaMn3(AsO4)3 (40 % yield) were isolated manually and washed with deionized water
using a suction filtration method. No other crystalline products were found in the final
product.
Single crystals of BaNa4Mn6(AsO4)6 were grown by employing the RbCl/NaCl flux in
a fused silica ampoule. The reactants were ground and loaded in a nitrogen-blanketed dry
box and then sealed under vacuum prior to heating. Dark brown crystals were grown by
introducing the mixture of MnO (3.81 mmol, Alfa, 99.999%), As2O5 (1.90 mmol, Strem,
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99.9+%) and BaO (1.90 mmol, Aldrich, 99.99+%) into the RbCl/NaCl flux with flux to
charge ratio of 3:1 by weight. The resulting mixture was loaded into a silica ampoule and
the reaction mixture was heated to 545°C at 1°C min-1, dwelled for two days, heated to
750°C at 1°C min-1, dwelled for four days, then slowly cooled to 400°C at 0.1°C min-1,
followed

by

furnace-cooling

to

room

temperature.

Columnar

crystals

of

BaNa4Mn6(AsO4)6 (30 % yield) were isolated manually and washed with deionized water
using suction filtration method. Other products were Ba5(AsO4)3Cl20 (10 % yield) and
unidentified powders.

Single Crystal X-Ray Diffraction
Single crystals were physically examined and selected under an optical microscope
equipped with a polarizing light attachment. For the X-ray diffraction study, the data
crystal was mounted on a glass fiber with epoxy. The data were collected at room
temperature on a four-circle Rigaku AFC8 diffractometer and the structure was solved by
direct method using the SHELXL-97 program.21 Table 7.1 reports the crystallographic
data of the Na3Mn7(AsO4)6. The atomic coordinates and the thermal parameters are listed
in Table 7.2 and Table 7.3, respectively. Selected bond distances and angles are listed in
Table 7.4. Table 7.5 reports the crystallographic data of the KNaMn3(AsO4)3 phase. The
atomic coordinates and the thermal parameters are listed in Table 7.6 and Table 7.7,
respectively. Selected bond distances and angles are listed in Table 7.8. Table 7.9 reports
the crystallographic data of the BaNa4Mn6(AsO4)6 phase. The atomic coordinates and the
thermal parameters are listed in Table 7.10 and Table 7.11, respectively. Selected bond
distances and angles are listed in Table 7.12.
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Table 7.1 Crystallographic Data for Na3Mn7(AsO4)6
Chemical formula

Na3Mn7(AsO4)6

Crystal color, shape

Brown, column

Crystal size (mm)

0.4 × 0.07 × 0.07

Formula weight (amu)

1287.07

Space group

P21/c (No. 14)

a, Å

6.760(2)

b, Å

12.943(3)

c, Å

11.231(2)

β (°)

98.80(3)

V, Å3

971.2(3)

Z

2

ρ calcd, g/cm3

4.401

Linear abs. coeff., mm-1

1.0000-0.3613

F000

1196

T, (K) of data collection

300(2)

Reflections collected

8952

Reflections unique

1890

Rint /Rsigmaa

0.0263/0.0720

Parameters refined (restraints)

185(0)

Final R1/wR2b/goodness of fit (all data)

0.0303/0.0738/1.111

Largest difference peak /hole(e- / Å3 )

0.642/-1.181

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0429 P)2 + 2.7232 P] where P = (FO2 + 2FC2)/3.

2
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1/2

Table 7.2 Atomic Coordinates and Equivalent Displacement Parameters for
Na3Mn7(AsO4)6
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
0.0399(7)
Na(1)
4e
0.2504(4)
-0.0101(2)
0.9973(2)
Na(2)

2c

0

0

1/2

0.049(1)

Mn(1)

4e

-0.4036(1)

0.35738(5)

0.72479(6)

0.0103(2)

Mn(2)

4e

0.2729(1)

0.23390(6)

0.50128(6)

0.0125(2)

Mn(3)

4e

-0.0737(1)

0.32971(5)

0.28788(6)

0.0095(2)

Mn(4)

2d

1/2

0

1/2

0.0173(3)

As(1)

4e

0.12516(7)

0.09869(4)

0.23412(4)

0.0096(1)

As (2)

4e

-0.22947(7)

0.21139(3)

0.50908(4)

0.0081(1)

As (3)

4e

0.41633(7)

0.12004(4)

0.76775(4)

0.0089(1)

O(1)

4e

-0.0464(5)

0.2799(3)

0.4553(3)

0.0128(7)

O(2)

4e

-0.4090(5)

0.2898(2)

0.5439(3)

0.0110(7)

O(3)

4e

0.2359(6)

0.0873(3)

0.3787(3)

0.0176(8)

O(4)

4e

-0.0841(5)

0.1701(3)

0.2319(3)

0.0182(7)

O(5)

4e

0.3555(5)

0.1034(2)

0.6173(3)

0.0135(7)

O(6)

4e

-0.3329(5)

0.1164(3)

0.4179(3)

0.0169(7)

O(7)

4e

0.4574(6)

0.0077(2)

0.8399(3)

0.0167(7)

O(8)

4e

0.2800(5)

0.1587(3)

0.1513(3)

0.0145(7)

O(9)

4e

0.6223(5)

0.1957(2)

0.7884(3)

0.0151(7)

O(10)

4e

0.0583(6)

-0.0147(3)

0.1652(3)

0.0209(8)

O(11)

4e

-0.1011(6)

0.1395(3)

0.6220(3)

0.0198(8)

O(12)

4e

0.2368(5)

0.1814(3)

0.8307(3)

0.0155(7)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.
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Table 7.3 Anisotropic Thermal Parameters (Å2)a for Na3Mn7(AsO4)6
Atom U11
U22
U33
U23
U13

U12

Na(1)

0.041(2)

0.0557(18) 0.02(1)

-0.000(1)

0.008(1)

0.001(1)

Na(2)

0.061(3)

0.031(2)

0.065(3)

0.007(2)

0.038(2)

0.009(2)

Mn(1)

0.0105(3)

0.0097(4)

0.0102(3)

-0.0002(3)

0.0002(3)

0.0012(3)

Mn(2)

0.0121(4)

0.0158(4)

0.0090(4)

0.0013(3)

-0.0006(3)

0.0016(3)

Mn(3)

0.0092(3)

0.0111(4)

0.0082(3)

0.0002(2)

0.0010(3)

0.0005(3)

Mn(4)

0.0252(6)

0.0107(5)

0.0192(6)

-0.0004(4)

0.0132(5)

-0.0020(4)

As(1)

0.0079(2)

0.0139(3)

0.0070(2)

-0.0005(2)

0.0011(1)

-0.0018(1)

As(2)

0.0085(2)

0.0083(2)

0.0076(2)

-0.0004(2)

0.0017(1)

-0.0004(2)

As(3)

0.0120(2)

0.0073(2)

0.0075(2)

-0.0004(2)

0.0023(1)

-0.001(2)

O(1)

0.010(2)

0.016(2)

0.012(2)

-0.002(1)

0.003(1)

-0.003(1)

O(2)

0.009(1)

0.015(2)

0.009(2)

0.001(1)

0.003(1)

0.004(1)

O(3)

0.027(2)

0.016(2)

0.008(2)

0.001(1)

-0.005(1)

-0.001(1)

O(4)

0.006(1)

0.032(2)

0.017(2)

-0.000(1)

0.003(1)

0.002(1)

O(5)

0.020(2)

0.012(2)

0.008(2)

-0.001(1)

0.002(1)

0.001(1)

O(6)

0.025(2)

0.015(2)

0.011(2)

-0.002(1)

0.002(1)

-0.009(1)

O(7)

0.025(2)

0.007(1)

0.017(2)

0.002(1)

-0.002(1)

0.001(1)

O(8)

0.009(2)

0.021(2)

0.014(2)

0.005(1)

0.005(1)

0.004(1)

O(9)

0.017(2)

0.011(2)

0.016(2)

0.003(1)

0.001(1)

-0.002(1)

O(10)

0.022(2)

0.024(2)

0.016(2)

-0.007(1)

0.003(1)

-0.014(2)

O(11)

0.027(2)

0.016(2)

0.015(2)

0.001(1)

-0.002(1)

0.009(1)

O(12)

0.018(2)

0.016(2)

0.013(2)

-0.003(1)

0.004(1)

0.001(1)

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 7.4 Bond Distances (Å) and Angles (deg) for Na3Mn7(AsO4)6
Mn(1)O6 Octahedra
Mn(1)-O(7)viii

2.089(3)

Mn(1)-O(8)x

2.182(3)

Mn(1)-O(6)ix

2.175(3)

Mn(1)-O(2)

2.207(3)

Mn(1)-O(4)ix

2.179(3)

Mn(1)-O(9)vi

2.210(3)

O(7)viii-Mn(1)-O(6)ix

101.6(1)

O(4)ix-Mn(1)-O(2)

81.1(1)

O(7)viii-Mn(1)-O(4)ix

106.5(1)

O(8)x-Mn(1)-O(2)

74.7(1)

O(6)ix-Mn(1)-O(4)ix

85.6(1)

O(7)viii-Mn(1)-O(9)vi

174.5(1)

O(7)viii-Mn(1)-O(8)x

81.3(1)

O(6)ix-Mn(1)-O(9)vi

80.3(1)

O(6)ix-Mn(1)-O(8)x

116.4(1)

O(4)ix-Mn(1)-O(9)vi

78.7(1)

ix

x

x

vi

O(4) -Mn(1)-O(8)

155.2(1)

O(8) -Mn(1)-O(9)

93.2(1)

O(7)viii-Mn(1)-O(2)

94.1(1)

O(2)-Mn(1)-O(9)vi

84.9(1)

O(6)ix-Mn(1)-O(2)

161.8(1)
Mn(2)O6 Octahedra

Mn(2)-O(5)

2.155(3)

ix

Mn(2)-O(1)
xii

2.223(3)

Mn(2)-O(8)

2.180(3)

Mn(2)-O(2)

2.250(3)

Mn(2)-O(12)xi

2.188(3)

Mn(2)-O(3)

2.336(3)

O(5)-Mn(2)-O(8)ix

93.4(1)

O(12)xi-Mn(2)-O(2)xii

90.0(1)

O(5)-Mn(2)-O(12)xi

155.0(1)

O(1)-Mn(2)-O(2)xii

145.7(1)

O(8) -Mn(2)-O(12)

110.1(1)

O(5)-Mn(2)-O(3)

73.4(1)

O(5)-Mn(2)-O(1)

120.2(1)

O(8)ix-Mn(2)-O(3)

164.1(1)

O(8)ix-Mn(2)-O(1)

85.1(1)

O(12)xi-Mn(2)-O(3)

84.5(1)

O(12)xi-Mn(2)-O(1)

71.8(1)

O(1)-Mn(2)-O(3)

93.9(1)

O(5)-Mn(2)-O(2)xii

88.5(1)

O(2)xii-Mn(2)-O(3)

113.6(1)

O(8)ix-Mn(2)-O(2)xii

73.9(1)

ix

xi
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Table 7.4 (cont’d) Bond Distances (Å) and Angles (deg) for Na3Mn7(AsO4)6
Mn(3)O6 Octahedra
xi

1.886(4)

Mn(3)-O(9)xiv

2.082(4)

Mn(3)-O(1)

1.970(3)

xi

Mn(3)-O(12)

2.086(4)

Mn(3)-O(10)xiii

2.080(4)

Mn(3)-O(4)

2.158(4)

O(11)xi-Mn(3)-O(1)

173.1(1)

O(10)xiii-Mn(3)-O(12)xi

89.9(1)

O(11)xi-Mn(3)-O(10)xiii

92.2(1)

O(9)xiv-Mn(3)-O(12)xi

161.4(1)

Mn(3)-O(11)

xiii

xi

O(1)-Mn(3)-O(10)

94.7(1)

O(11) -Mn(3)-O(4)

85.4(1)

O(11)xi-Mn(3)-O(9)xiv

95.1(1)

O(1)-Mn(3)-O(4)

87.6(1)

O(1)-Mn(3)-O(9)xiv

83.9(1)

O(10)xiii-Mn(3)-O(4)

177.4(1)

O(10)xiii-Mn(3)-O(9)xiv

99.4(1)

O(9)xiv-Mn(3)-O(4)

82.0(1)

O(11)xi-Mn(3)-O(12)xi

100.7(1)

O(12)xi-Mn(3)-O(4)

89.3(1)

O(1)-Mn(3)-O(12)xi

79.2(1)
Mn(4)O6 Octahedra

Mn(4)-O(6)xii

2.171(3)

Mn(4)-O(5)xv

2.208(3)

O(6)xii-Mn(4)-O(6)iii

Mn(4)-O(3)

2.361(3)

180.0(1)

O(5)xv-Mn(4)-O(3)

108.2(1)

xv

82.0(1)

O(5)-Mn(4)-O(3)

71.9(1)

O(6)iii-Mn(4)-O(5)xv

98.0(1)

O(6)iii-Mn(4)-O(3)xv

79.6(1)

O(5)xv-Mn(4)-O(5)

180.0(1)

O(5)-Mn(4)-O(3)xv

108.1(1)

O(6)xii-Mn(4)-O(3)

79.6(1)

O(3)-Mn(4)-O(3)xv

180.0(1)

O(6)iii-Mn(4)-O(3)

100.4(1)

xii

O(6) -Mn(4)-O(5)

As(1)O4 Tetrahedra
As(1)-O(4)

1.687(3)

As(1)-O(10)

1.689(4)

As(1)-O(8)
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1.691(3)

Table 7.4 (cont’d) Bond Distances (Å) and Angles (deg) for Na3Mn7(AsO4)6
O(4)-As(1)-O(3)

108.0(2)

O(4)-As(1)-O(8)

109.2(2)

O(4)-As(1)-O(10)

107.7(2)

O(3)-As(1)-O(8)

110.4(2)

O(3)-As(1)-O(10)

114.4(2)

O(10)-As(1)-O(8)

106.9(2)

As(2)O4 Tetrahedra
As(2)-O(2)

1.674(3)

As(2)-O(11)

1.701(3)

As(2)-O(6)

1.682(3)

As(2)-O(1)

1.706(3)

O(2)-As(2)-O(6)

109.7(2)

O(2)-As(2)-O(1)

111.0(2)

O(2)-As(2)-O(11)

117.6(2)

O(6)-As(2)-O(1)

114.9(2)

O(6)-As(2)-O(11)

99.8(2)

O(11)-As(2)-O(1)

103.5(2)

As(3)O4 Tetrahedra
As(3)-O(7)

1.667(3)

As(3)-O(5)

1.690(3)

As(3)-O(9)

1.689(3)

As(3)-O(12)

1.693(3)

O(7)-As(3)-O(9)

111.5(2)

O(7)-As(3)-O(12)

106.4(2)

O(7)-As(3)-O(5)

111.8(2)

O(9)-As(3)-O(12)

107.4(2)

O(9)-As(3)-O(5)

106.3(2)

O(5)-As(3)-O(12)

113.4(2)

Na(1)-O(7)

2.428(5)

Na(1)-O(10)i

2.448(4)

Na(1)-O(8)i

2.774(5)

Na(1)-O(7)i

2.478(4)

Na(1)-O(2)iv

2.868(4)

O(7)-Na(1)-O(10)i

174.8(2)

O(7)ii-Na(1)-O(8)i

63.7(1)

O(7)-Na(1)-O(7)ii

93.0(1)

O(10)iii-Na(1)-O(8)i

108.5(1)

O(10)i-Na(1)-O(7)ii

83.6(1)

O(7)-Na(1)-O(2)iv

72.4(1)

Na(1)O6
Na(1)-O(10)iii
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2.573(5)

Table 7.4 (cont’d) Bond Distances (Å) and Angles (deg) for Na3Mn7(AsO4)6
O(7)-Na(1)-O(10)iii

88.1(1)

O(10)i-Na(1)-O(2)iv

110.9(1)

O(10)i-Na(1)-O(10)iii

94.6(1)

O(7)ii-Na(1)-O(2)iv

81.6(1)

O(7)ii-Na(1)-O(10)iii

171.9(2)

O(10)iii-Na(1)-O(2)iv

106.3(1)

i

O(7)-Na(1)-O(8)

112.6(1)

O(10)i-Na(1)-O(8)i

62.3(1)

i

iv

O(8) -Na(1)-O(2)

144.9(1)

Na(2)-O(11)

Na(2)O6
2.427(3)
Na(2)-O(6)iii

Na(2)-O(3)iii

2.518(4)

O(11)iii-Na(2)-O(11)

180.0(1)

O(3)-Na(2)-O(5)iii

120.8(1)

O(11)iii-Na(2)-O(3)

76.8(1)

O(6)-Na(2)-O(6)iii

180

O(11)-Na(2)-O(3)

103.2(1)

O(3)iii-Na(2)-O(5)iii

59.1(1)

iii

iii

iii

2.748(4)

O(11)-Na(2)-O(3)

76.8(1)

O(3) -Na(2)-O(5)

120.9(1)

O(3)-Na(2)-O(3)iii

180

O(6)-Na(2)-O(5)

118.7(1)

O(11 iii-Na(2)-O(6)

120.4(1)

O(3)iii-Na(2)-O(6)

82.7(1)

O(11)-Na(2)-O(6)

59.6(1)

O(6)iii-Na(2)-O(5)iii

118.7(1)

O(3)-Na(2)-O(6)

97.3(1)

O(5)-Na(2)-O(5)iii

180.00(9)

O(6)iii-Na(2)-O(5)

61.2(1)

O(11)-Na(2)-O(5)iii

108.4(1)

iii

iii

O(11) -Na(2)-O(5)

71.6(1)

Symmetry transformations used to generate equivalent atoms: (i) x,y,z+1; (ii) -x+1,-y,z+2; (iii) -x,-y,-z+1; (iv) -x,y-1/2,-z+3/2; (v) -x,-y,-z+2; (vi) x-1,y,z; (vii) x,y,z-1;.(viii) x,y+1/2,-z+3/2; (ix) x,-y+1/2,z+1/2; (x) x-1,-y+1/2,z+1/2; (xi) x,-y+1/2,z-1/2; (xii)
x+1,y,z; (xiii) -x,y+1/2,-z+1/2; (xiv) x-1,-y+1/2,z-1/2; (xv) -x+1,-y,-z+1; (xvi) x+1,y+1/2,z-1/2; (xvii) x+1,-y+1/2,z+1/2; (xviii) -x,y-1/2,-z+1/2.
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Table 7.5 Crystallographic Data for KNaMn3(AsO4)3
Chemical formula
KNaMn3(AsO4)3
Crystal color, shape

Dark brown, column

Crystal size (mm)

0.36 × 0.07 × 0.07

Formula weight (amu)

643.67

Space group

C2/c (No. 15)

a, Å

12.192(2)

b, Å

12.939(3)

c, Å

6.822(1)

β (°)

114.43(3)

V, Å3

979.8(3)

Z

4

ρ calcd, g/cm3

4.363

Linear abs. coeff., mm-1

1.0000-0.5546

F000

1200

T, (K) of data collection

300(2)

Reflections collected

4226

Reflections unique

961

Rint /Rsigmaa

0.0495/0.1205

Parameters refined (restraints)

95(0)

Final R1/wR2b/goodness of fit (all data)
-

0.0588/0.1257/1.084

3

Largest difference peak /hole(e / Å )

1.521/-1.446

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0683P)2 + 19.7185P] where P = (FO2 + 2FC2)/3.

2
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Table 7.6 Atomic Coordinates and Equivalent Displacement Parameters for
KNaMn3(AsO4)3
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
K(1)
4a
0.0000
0.0000
0.0000
0.047(1)
Na(1)

4e

0.5000

-0.0117(4)

0.2500

0.020(1)

Mn(1)

8f

-0.2191(1)

0.3432(1)

-0.1340(2)

0.0201(4)

Mn(2)

4e

0.0000

0.2319(2)

-0.2500

0.0192(5)

As(1)

4e

0.0000

0.2124(1)

0.2500

0.0169(4)

As(2)

8f

0.26709(8)

0.11052(7)

-0.1275(1)

0.0179(3)

O(1)

8f

-0.0434(5)

0.2864(5)

0.027(1)

0.018(1)

O(2)

8f

0.1199(6)

0.0975(5)

-0.187(1)

0.033(2)

O(3)

8f

0.2799(6)

0.1827(6)

-0.323(1)

0.027(2)

O(4)

8f

0.3381(6)

-0.0033(6)

-0.112(1)

0.024(1)

O(5)

8f

0.3397(5)

0.1695(6)

0.112(1)

0.022(1)

O(6)

8f

-0.1026(7)

0.1285(6)

0.258(1)

0.040(2)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.

213

Table 7.7 Anisotropic Thermal Parameters (Å2)a for KNaMn3(AsO4)3
Atom
U11
U22
U33
U23
U13

U12

K(1)

0.0182(7)

0.0149(7)

0.0114(6)

0.000

-0.0002(5)

0.000

Na(1)

0.0095(5)

0.0229(6)

0.0168(5)

-0.0067(4)

0.0008(4)

0.0010(3)

Mn(1)

0.0135(7)

0.0305(9)

0.0131(7)

0.0013(6)

0.0022(5)

-0.0072(6)

Mn(2)

0.0120(9)

0.017(1)

0.026(1)

0.000

0.0050(8)

0.000

As(1)

0.011(2)

0.031(3)

0.012(2)

0.000

-0.001(2)

0.000

As(2)

0.054(2)

0.031(2)

0.035(2)

-0.003(2)

-0.002(2)

0.001(2)

O(1)

0.012(3)

0.025(4)

0.016(3)

0.006(3)

0.003(2)

-0.003(3)

O(2)

0.008(3)

0.024(4)

0.060(5)

-0.015(4)

0.009(3)

0.001(3)

O(3)

0.025(3)

0.041(4)

0.014(3)

0.000(3)

0.005(3)

0.009(3)

O(4)

0.014(3)

0.035(4)

0.021(3)

-0.007(3)

0.006(3)

0.006(3)

O(5)

0.017(3)

0.033(4)

0.013(3)

-0.006(3)

0.003(3)

-0.006(3)

O(6)

0.051(5)

0.021(4)

0.038(4)

0.013(3)

0.006(4)

-0.013(4)

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 7.8 Bond Distances (Å) and Angles (deg) for KNaMn3(AsO4)3
Mn(1)O6 Octahedra
Mn(1)-O(6)iv

2.014(9)

Mn(1)-O(5)vi

2.139(6)

Mn(1)-O(4)v

2.089(7)

Mn(1)-O(3)vii

2.154(7)

Mn(1)-O(1)

2.095(6)

Mn(1)-O(3)ii

2.185(8)

O(6)iv-Mn(1)-O(4)v

97.4(3)

O(1)-Mn(1)-O(3)vii

81.4(3)

O(6)iv-Mn(1)-O(1)

167.4(3)

O(5)vi-Mn(1)-O(3)vii

158.0(3)

O(4)v-Mn(1)-O(1)

93.3(2)

O(6)iv-Mn(1)-O(3)ii

82.5(3)

O(6)iv-Mn(1)-O(5)vi

109.9(3)

O(4)v-Mn(1)-O(3)ii

176.5(3)

O(4)v-Mn(1)-O(5)vi

85.2(3)

O(1)-Mn(1)-O(3)ii

87.3(3)

vi

vi

ii

O(1)-Mn(1)-O(5)

77.6(2)

O(5) -Mn(1)-O(3)

91.6(3)

O(6)iv-Mn(1)-O(3)vii

89.8(3)

O(3)vii-Mn(1)-O(3)ii

81.0(3)

O(4)v-Mn(1)-O(3)vii

102.5(3)
Mn(2)O6 Octahedra

Mn(2)-O(5)ix

2.193(6)

ii

Mn(2)-O(2)

2.197(7)

O(5)ix-Mn(2)-O(5)vi

Mn(2)-O(1)

2.275(6)

108.9(4)

O(2)ii-Mn(2)-O(1)

92.5(3)

O(5)ix-Mn(2)-O(2)ii

161.3(3)

O(2)-Mn(2)-O(1)

116.5(3)

O(5)vi-Mn(2)-O(2)ii

88.5(3)

O(5)vi-Mn(2)-O(1)ii

ii

ii

ii

86.3(2)

O(2) -Mn(2)-O(2)

75.3(4)

O(2) -Mn(2)-O(1)

116.5(3)

O(5)ix-Mn(2)-O(1)

86.3(2)

O(1)-Mn(2)-O(1)ii

143.9(3)

O(5)vi-Mn(2)-O(1)

72.9(2)
As(1)O4 Tetrahedra

As(1)-O(6)i

1.673(8)

As(1)-O(1)i

1.687(6)

O(6)i-As(1)-O(6)

99.1(6)

O(6)i-As(1)-O(1)

107.4(4)
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Table 7.8 (cont’d) Bond Distances (Å) and Angles (deg) for KNaMn3(AsO4)3
O(6)i-As(1)-O(1)i
115.9(3)
O(1)i-As(1)-O(1)
110.8(4)
As(2)O4 Tetrahedra
As(2)-O(2)

1.677(6)

As(2)-O(3)

1.687(7)

As(2)-O(5)

1.684(6)

As(2)-O(4)

1.690(7)

O(2)-As(2)-O(5)

111.1(4)

O(2)-As(2)-O(4)

113.4(3)

O(2)-As(2)-O(3)

107.8(4)

O(5)-As(2)-O(4)

106.5(3)

O(5)-As(2)-O(3)

109.4(3)

O(3)-As(2)-O(4)

108.6(3)

[Na-O] Polyhedra
Na(1)-O(4)x

2.446(7)

Na(1)-O(5)x

2.946(9)

Na(1)-O(4)iii

2.520(7)

Na(1)-O(1)xii

2.959(8)

O(4)x-Na(1)-O(4)

174.9(4)

O(4)-Na(1)-O(1)xii

67.8(2)

O(4)x-Na(1)-O(4)iii

86.8(2)

O(4)iii-Na(1)-O(1)xii

83.0(2)

iii

xi

xii

O(4)-Na(1)-O(4)

92.8(2)

O(4) -Na(1)-O(1)

O(4)iii-Na(1)-O(4)xi

171.1(4)

O(5)-Na(1)-O(1)xii

125.7(2)

O(4)x-Na(1)-O(5)x

59.3(2)

O(4)iii-Na(1)-O(5)

109.7(3)

O(4)iii-Na(1)-O(5)x

62.6(2)

O(5)-Na(1)-O(1)xiii

145.2(2)

O(4)xi-Na(1)-O(5)x

109.7(3)

O(5)x-Na(1)-O(5)

74.6(3)

O(4)-Na(1)-O(5)

59.3(2)

O(1)xii-Na(1)-O(1)xiii

56.0(2)

x

xii

O(4) -Na(1)-O(1)

105.0(2)

117.2(3)

[K-O] Polyhedra
K(1)-O(6)xv

2.313(8)

K(1)-O(2)

2.624(8)

K(1)-O(2)xi

2.390(7)

K(1)-O(6)xvi

3.040(10)

O(6)xv-K(1)-O(6)i

180.0(4)

O(2)-K(1)-O(2)xvi

180.0(3)
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Table 7.8 (cont’d) Bond Distances (Å) and Angles (deg) for KNaMn3(AsO4)3
O(6)xv-K(1)-O(2)xi
102.1(3)
O(6)xv-K(1)-O(6)xvi
54.8(3)
O(6)i-K(1)-O(2)xi

77.9(3)

O(6)i-K(1)-O(6)xvi

125.2(3)

O(6)i-K(1)-O(2)ii

102.1(3)

O(2)xi-K(1)-O(6)xvi

89.0(2)

O(2)xi-K(1)-O(2)ii

180

O(2)ii-K(1)-O(6)xvi

91.0(2)

xv

xvi

O(6) -K(1)-O(2)

104.1(3)

O(2)-K(1)-O(6)

62.4(2)

O(6)i-K(1)-O(2)

75.9(3)

O(2)xvi-K(1)-O(6)xvi

117.6(2)

O(2)xi-K(1)-O(2)

115.5(3)

O(6)xv-K(1)-O(6)

125.2(3)

O(2)ii-K(1)-O(2)

64.5(3)

O(2)-K(1)-O(6)

117.6(2)

O(2)xi-K(1)-O(2)xvi

64.5(3)

O(2)xvi-K(1)-O(6)

62.4(2)

O(2)ii-K(1)-O(2)xvi

115.5(3)

O(6)xvi-K(1)-O(6)

180.0(3)

i

O(6) -K(1)-O(6)

54.8(3)

O(2)xi-K(1)-O(6)

91.0(2)

ii

O(2) -K(1)-O(6)

89.0(2)

Symmetry transformations used to generate equivalent atoms: (i) -x,y,-z+1/2; (ii) -x,y,-z1/2; (iii) -x+1,-y,-z; (iv) -x-1/2,-y+1/2,-z; (v) x-1/2,y+1/2,z; (vi) x-1/2,-y+1/2,z-1/2; (vii)
x-1/2,-y+1/2,z+1/2; (viii) -x-1/2,y+1/2,-z-1/2; (ix) -x+1/2,-y+1/2,-z; (x) -x+1,y,-z+1/2;
(xi) x,-y,z+1/2; (xii) x+1/2,y-1/2,z; (xiii) -x+1/2,y-1/2,-z+1/2 (xiv) -x+1,-y,-z+1; (xv) x,y,z-1/2; (xvi) -x,-y,-z; (xvii) x+1/2,-y+1/2,z-1/2; (xviii) x+1/2,-y+1/2,z+1/2.
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Table 7.9 Crystallographic Data for BaNa4Mn6(AsO4)6
Chemical formula
BaNa4Mn6(AsO4)6
Crystal color, shape

Dark brown, Column

Crystal size (mm)

0.36 × 0.07 × 0.07

Formula weight (amu)

1392.46

Space group

C2/c (No. 15)

a, Å

12.349(3)

b, Å

13.055(3)

c, Å

6.849(1)

β (°)

1000.3(3)

V, Å3

397.9(1)

Z

2

ρ calcd, g/cm3

4.623

Linear abs. coeff., mm-1

1.0000-0.5203

F000

1280

T, (K) of data collection

300(2)

Reflections collected

4477

Reflections unique

986

Rint /Rsigmaa

0.0567/0.1659

Parameters refined (restraints)

98(0)

Final R1/wR2b/goodness of fit (all data)
-

0.0591/0.1704/0.765

3

Largest difference peak /hole(e / Å )

2.234/-3.601

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.1689P)2 + 74.4670P] where P = (FO2 + 2FC2)/3.
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Table 7.10 Atomic Coordinates and Equivalent Displacement Parameters for
BaNa4Mn6(AsO4)6
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
Ba(1)
0.0000
-0.0233(2)
-0.2500
0.0425(7)
4e
Na(1)

8f

0.4726(3)

0.0019(3)

0.0237(6)

0.0137(9)

Mn(1)

8f

0.21982(12)

0.15666(11)

-0.3624(2)

0.0085(5)

Mn(2)

4e

0.5000

0.23347(16)

0.2500

0.0096(5)

As(1)

8f

0.23167(7)

0.11188(7)

0.13079(13)

0.0075(4)

As(2)

4e

0.5000

-0.20595(10)

0.2500

0.0085(5)

O(1)

8f

0.5414(6)

-0.2791(5)

0.4716(10)

0.0129(14)

O(2)

8f

0.3798(6)

0.0967(5)

0.2000(13)

0.0193(15)

O(3)

8f

0.1610(7)

-0.0006(5)

0.1102(13)

0.0196(15)

O(4)

8f

0.5974(7)

-0.1194(6)

0.2322(15)

0.0284(19)

O(5)

8f

0.2160(6)

0.1827(5)

0.3209(10)

0.0149(14)

O(6)

8f

0.1598(6)

0.1696(5)

-0.1106(9)

0.0125(13)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.
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Table 7.11 Anisotropic Thermal Parameters (Å2)a for BaNa4Mn6(AsO4)6
Atom
U11
U22
U33
U23
U13

U12

Ba(1)

0.0306(13) 0.0571(18) 0.0358(13) 0.000

Na(1)

0.012(2)

0.0095(16) 0.0113(19) 0.0040(14) -0.0029(15) 0.0022(17)

Mn(1)

0.0061(7)

0.0113(8)

Mn(2)

0.0054(9)

As(1)

0.0036(6)

0.0000(5)

0.0121(10) 0.0119(10) 0.000

0.0042(7)

0.000

0.0052(6)

0.0082(6)

0.0082(6)

0.0007(3)

0.0020(4)

-0.0001(3)

As(2)

0.0034(7)

0.0085(7)

0.0125(7)

0.000

0.0021(5)

0.000

O(1)

0.008(3)

0.022(4)

0.007(3)

0.001(3)

0.001(2)

0.001(3)

O(2)

0.007(3)

0.011(3)

0.037(4)

0.005(3)

0.006(3)

0.000(3)

O(3)

0.016(3)

0.010(3)

0.032(4)

-0.003(3)

0.010(3)

-0.003(3)

O(4)

0.012(4)

0.013(4)

0.059(6)

0.010(3)

0.015(4)

-0.002(3)

O(5)

0.018(3)

0.021(4)

0.007(3)

-0.001(2)

0.006(3)

-0.003(3)

O(6)

0.012(3)

0.021(3)

0.002(3)

-0.001(2)

0.001(2)

0.001(3)

a

0.0087(8)

0.0009(5)

0.0100(11) 0.000

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 7.12 Bond Distances (Å) and Angles (deg) for BaNa4Mn6(AsO4)6
Mn(1)O6 Octahedra
Mn(1)-O(4)viii

2.103(8)

Mn(1)-O(1)x

2.175(7)

Mn(1)-O(3)iii

2.144(7)

Mn(1)-O(5)xi

2.176(6)

Mn(1)-O(6)

2.153(6)

Mn(1)-O(5)xii

2.217(7)

O(4)viii-Mn(1)-O(3)iii

94.6(3)

O(6)-Mn(1)-O(5)xi

156.5(3)

O(4)viii-Mn(1)-O(6)

110.5(3)

O(1)x-Mn(1)-O(5)xi

80.2(3)

O(3)iii-Mn(1)-O(6)

85.7(3)

O(4)viii-Mn(1)-O(5)xii

84.4(3)

O(4)viii-Mn(1)-O(1)x

168.2(3)

O(3)iii-Mn(1)-O(5)xii

177.8(3)

O(3)iii-Mn(1)-O(1)x

95.2(3)

O(6)-Mn(1)-O(5)xii

92.8(2)

x

x

xii

O(6)-Mn(1)-O(1)

76.8(2)

O(1) -Mn(1)-O(5)

86.0(3)

O(4)viii-Mn(1)-O(5)xi

91.4(3)

O(5)xi-Mn(1)-O(5)xii

80.5(3)

O(3)iii-Mn(1)-O(5)xi

101.4(3)
Mn(2)O6 Octahedra

Mn(2)-O(6)xiii

2.194(7)

ix

Mn(2)-O(1)xiv

2.253(6)

Mn(2)-O(2)

2.253(7)

O(6)xiii-Mn(2)-O(6)xii

109.5(4)

O(2)-Mn(2)-O(1)xiv

88.1(3)

O(6)xiii-Mn(2)-O(2)

159.5(3)

O(2)ix-Mn(2)-O(1)xiv

116.9(3)

O(6)xii-Mn(2)-O(2)

88.7(3)

O(2)-Mn(2)-O(1)iii

116.9(3)

ix

ix

iii

O(2)-Mn(2)-O(2)

75.2(4)

O(2) -Mn(2)-O(1)

88.1(3)

O(6)xiii-Mn(2)-O(1)xiv

87.9(2)

O(1)xiv-Mn(2)-O(1)iii

149.3(4)

O(6)xii-Mn(2)-O(1)xiv

74.4(2)
As(1)O4 Tetrahedra

As(1)-O(5)

1.673(7)

As(1)-O(6)

1.687(6)

As(1)-O(3)

1.684(7)

As(1)-O(2)

1.696(7)
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Table 7.12 (cont’d) Bond Distances (Å) and Angles (deg) for BaNa4Mn6(AsO4)6
O(5)-As(1)-O(3)
108.7(3)
O(5)-As(1)-O(2)
108.2(4)
O(5)-As(1)-O(6)

109.2(3)

O(3)-As(1)-O(2)

112.4(4)

O(3)-As(1)-O(6)

105.6(4)

O(6)-As(1)-O(2)

112.5(3)

As(2)O4 Tetrahedra
As(2)-O(1)ix

1.679(6)

As(2)-O(4)ix

1.692(7)

O(1)ix-As(2)-O(1)

110.7(5)

O(1)ix-As(2)-O(4)

105.6(4)

O(4)ix-As(2)-O(4)

96.2(5)

O(1)-As(2)-O(4)

119.4(4)

[Ba-O] Polyhedra
Ba(1)-O(3)

2.444(8)

Ba(1)-O(1)v

2.926(7)

Ba(1)-O(3)ii

2.565(7)

Ba(1)-O(6)

3.091(7)

Ba(1)-O(5)ii

3.254(7)

O(3)-Ba(1)-O(3)i

166.1(4)

O(3)iii-Ba(1)-O(6)i

O(3)-Ba(1)-O(3)

92.1(2)

O(1) -Ba(1)-O(6)

127.6(2)

O(3)i-Ba(1)-O(3)ii

86.2(2)

O(1)v-Ba(1)-O(6)i

145.8(2)

O(3)ii-Ba(1)-O(6)i

61.4(2)

O(6)-Ba(1)-O(6)i

70.9(2)

O(3)ii-Ba(1)-O(3)iii

166.0(3)

O(3)-Ba(1)-O(5)ii

119.5(2)

O(3)i-Ba(1)-O(1)iv

72.2(2)

O(3)ii-Ba(1)-O(5)ii

ii

iv

iv

i

106.3(2)

ii

iii

ii

54.4(2)

O(3) -Ba(1)-O(1)

108.0(2)

O(3) -Ba(1)-O(5)

137.6(2)

O(3)iii-Ba(1)-O(1)iv

84.6(2)

O(1)iv-Ba(1)-O(5)ii

53.61(18)

O(3)-Ba(1)-O(1)v

72.2(2)

O(1)v-Ba(1)-O(5)ii

57.68(18)

O(3)i-Ba(1)-O(1)v

121.3(2)

O(6)-Ba(1)-O(5)ii

160.6(2)

O(1)iv-Ba(1)-O(1)v

56.3(3)

O(6)i-Ba(1)-O(5)ii

95.7(2)

O(3)-Ba(1)-O(6)

56.6(2)

O(3)-Ba(1)-O(5)iii

70.2(2)

i

O(3) -Ba(1)-O(6)

110.7(2)

O(3)ii-Ba(1)-O(5)ii

54.4(2)

i

iii

O(3) -Ba(1)-O(5)
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Table 7.12 (cont’d) Bond Distances (Å) and Angles (deg) for BaNa4Mn6(AsO4)6
[Na-O] Polyhedra
Na(1)-O(4)viii

2.211(9)

Na(1)-O(2)ix

2.348(8)

Na(1)-O(4)

2.249(9)

Na(1)-O(2)iii

2.395(8)

Na(1)-O(2)

2.340(9)

Na(1)-O(4)ix

2.69(1)

O(4)viii-Na(1)-O(4)

157.6(2)

O(2)-Na(1)-O(2)iii

128.0(3)

O(4)viii-Na(1)-O(2)

86.0(3)

O(2)ix-Na(1)-O(2)iii

158.9(2)

O(4)-Na(1)-O(2)

113.5(3)

O(4)viii-Na(1)-O(4)ix

141.1(4)

O(4)viii-Na(1)-O(2)ix

100.5(3)

O(4)-Na(1)-O(4)ix

60.4(3)

O(4)-Na(1)-O(2)ix

76.7(3)

O(2)-Na(1)-O(4)ix

68.6(3)

ix

ix

ix

O(2)-Na(1)-O(2)

71.8(3)

O(2) -Na(1)-O(4)

98.8(3)

O(4)viii-Na(1)-O(2)iii

76.5(3)

O(2)iii-Na(1)-O(4)ix

96.0(3)

Symmetry transformations used to generate equivalent atoms: (i) -x,y,-z-1/2; (ii) -x,-y,-z;
(iii) x,-y,z-1/2; (iv) -x+1/2,-y-1/2,-z; (v) x-1/2,-y-1/2,z-1/2; (vi) -x,-y,-z-1; (vii) x,y,z+1/2; (viii) -x+1,-y,-z; (ix) -x+1,y,-z+1/2; (x) x-1/2,y+1/2,z-1; (xi) x,y,z-1; (xii) x+1/2,-y+1/2,-z; (xiii) x+1/2,-y+1/2,z+1/2; (xiv) -x+1,-y,-z+1; (xv) x+1/2,y-1/2,z+1;
(xvi) x,y,z+1.
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UV-Vis Diffuse Reflectance Spectroscopy
Optical absorption spectrum of the title compound was recorded on a PC-controlled
SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating sphere. A
dark brown crystal sample of the Na3Mn7(AsO4)6 was ground and smeared onto Fisher
brand filter paper for the data collection. The reflectance data were collected in the range
of 200 nm (6.2 eV) to 2400 nm (0.5 eV) using slow scan speed and then the data were
converted manually into arbitrary absorption units using the Kubelka-Munk function.22

Magnetic Susceptibility
Temperature- and field-dependent magnetic measurements were carried out with a
Quantum Design SQUID MPMS-5S magnetometer. The measurements were taken from
2 K to 300 K in the applied field of H = 0.5 T and H = 0.01 T. Selected crystals of
Na3Mn7(AsO4)6 (9.0 mg) and BaNa4Mn6(AsO4)6 (7.0 mg) were ground and contained in a
gel capsule sample holder. The magnetic susceptibility was corrected for the gel capsule
and core diamagnetism with Pascal constants.23

Results and Discussion
Structure
The crystal structure of Na3Mn7(AsO4)6 can be described as three-dimensional
[Mn7(AsO4)6]3- framework made up of an edge sharing MnO6 octahedral network and
AsO4 tetrahedra. There are four crystallographically independent manganese atoms,
which coordinate to six oxygen atoms forming distorted octahedra as shown in Figure
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7.1a. Figure 7.1b shows the perspective view of the structure viewed along a-axis where
the framework is adopting a channel structure. The extended structure is made up of
puckered sheets of mixed Mn-O/As-O networks running along the b axis. The Mn-O/AsO networks are interconnected through “trimeric strips” made of Mn-O octahedra in
addition to AsO4 tetrahedra to form channels where the Na(1) atoms reside. Figure 7.2a
shows a fascinating feature concerning the puckered sheets propagating along the ab
plane. This “2D framework” is composed of edge shared Mn(1)O6 and Mn(3)O6
octahedral dimers that are connected to each other by As(1)O4 and As(3)O4 via vertex
sharing oxygen atoms. The Mn(1)O6 and Mn(3)O6 octahedra share the O(4)-O(9) edge to
form a dimeric unit, and the Mn(1)-Mn(3) bond distance across the shared edge is 3.29(1)
Å. Both As(1)O4 and As(3)O4 units are corner shared with the common O(4)-O(9) edge
connecting with two other “dimers” via corner sharing. The Mn2O10 dimers and AsO4
groups alternatively propagate along the ab plane. Figure 7.2b shows the perspective
drawing of the extended framework or “trimeric strip” which interconnects the puckered
sheets. The “trimeric strip” is composed of three-edge sharing octahedral subunits, and
the neighboring strip units are interconnected to each other by As(2)O4 tetrahedra. Figure
7.3a shows the connection between the puckered sheets and the trimeric units. While
Mn(1)O6 and Mn(2)O6 octahedra share the O(2)-O(8) edge, the corner sharing of
As(1)O4, As(2)O4, and As(3)O4 with Mn(4)O6 and Mn(3)O6 results in Mn(4)-O(3)-As(1)O(10)-Mn(3),

Mn(4)-O(6)-As(2)-O(11)-Mn(3),

Mn(2)-O(5)-As(3)-O(9)-Mn(3)

and

Mn(2)-O(5)-As(3)-O(9)-Mn(1) linkages. These arrangements result in a formation of an
irregularly shaped empty cage. In order to get a better understanding of the Mn-O
network, the areas as outlined by dotted rectangle (Figure 7.4) were analyzed carefully. It
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can be clearly seen that edge-sharing MnO6 octahedra form extended chains which are
connected to each other to make a complicated 3D Mn-O network.
As shown in Table 7.4, for Mn(1), Mn(2) and Mn(4), the MnO6 adopts Mn-O bond
distances normally observed for the Mn2+ ion. The Mn2+-O bond distances are ranging
from 2.09 Å to 2.36 Å which is comparable to 2.19Å; the sum of the Shannon crystal
radii23 for a six coordinate Mn2+ (0.97Å) and three-coordinate O2- (1.22Å). For Mn(3),
the MnO6 adopts Mn-O bond distances normally observed in the Mn3+-centered MnO6
octahedra. The Mn3+-O bond distances are shorter than Mn2+-O ranging from 1.88 Å to
2.09 Å which is comparable to 2.00 Å; the sum of the Shannon crystal radii for a six
coordinate Mn3+ (0.78 Å) and three-coordinate O2- (1.22Å). The [4+2]-distortion is
typical of the Jahn-Teller Mn3+ ion. In this case, the phenomena is reinforced since
Mn(3)O6 exhibits four short equatorial Mn-O bond distances (Table 7.4); 1.97 Å for
Mn(3)-O(1), 2.08Å for Mn(3)-O(9), 1.88Å for Mn(3)-O(11), 2.09Å for Mn(3)-O(12) and
two apical Mn-O bond distance, 2.15Å for Mn(3)-O(4) and 2.08Å for Mn(3)-O(10). The
bond valence sum calculations24 for Na3Mn7(AsO4)6 give the value of 2.14 for Mn(1)2+,
1.89 for Mn(2)2+, 2.88 for Mn(3)3+, 1.78 for Mn(4)2+. The sum of the Shannon crystal
radii, together with the bond valence sum analysis, reinforces the existence of mixedvalent manganese ions in this compound. To balance the formal charges, there should be
six Mn2+ and one Mn3+, which is different than the expected 5:2 ratio according to the
multiplicity of the Mn ions (Table 7.2). Counting all the bonds within the 1.88 ~2.36
range in the distorted MnO6, the average Mn-O distances are 2.17 Å, 2.22 Å, 2.04 Å and
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(a)

(b)

(c)

Figure 7.1 (a) Four crystallographically independent manganese atoms in distorted
octahedral environment. (b) Perspective view of Na3Mn7(AsO4)6 projecting along a-axis
with the Na+ cations residing in the pseudo-one-dimensional channels. (c) Schematic
representation of puckered sheets of mixed Mn-O/As-O networks running along b axis
that are interconnected through “trimeric stripes”, see text.
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(a)

(b)

Figure 7.2. (a) The “2D framework” composed of edge sharing Mn(1)O6 and
Mn(3)O6 octahedra forming puckered sheets spreading over ab plane. (b) The
“trimeric strips” composed of a three-edge sharing octahedral subunits are
interconnected to each other by AsO4 tetrahedra.
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(a)

(b)

Figure 7.3 (a) The connection between the puckled sheets and the “trimeric” units
results in formation of irregular shape empty cage. (b) Na(2) centered structure
where Mn(4) and Na(2) are in a same plane with a separation distance of 3.38 Å.
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Figure 7.4 Partial structure of Mn-O network showing interconnected extended
chains made of edge sharing MnO6 octahedra. The Na and As ions are eliminated for
clarity.
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2.25 Å for Mn(1), Mn(2), Mn(3) and Mn(4), respectively. Assuming the oxidation state
of Mn(3) is Mn3+, it is possible to derive a charge unbalanced formula,
Na3Mn(III)2Mn(II)5(AsO4)6. These unevenly balanced charges along with the
interconnected Mn-O network suggests that the electrons are delocalized throughout the
three-dimensional lattice. Meanwhile, a bond valence calculation, based on parameters
for As5+-O, gives a bond valence sum of 4.93 for As(1)5+, 4.91 for As(2)5+and 4.99 for
As(3)5+.
As in any oxy compounds, the incorporated electropositive cation governs structural
formation and serves as a charge reservoir to keep the overall charges balanced. Figure
7.3b shows the Na(2) centered channel structure where Mn(4) and Na(2) are in the same
plane, with a separation distance of 3.38 Å. Na(2) has a nearly perfect octahedral
geometry with angles between opposite oxygen atoms of 180º excluding the long Na(2)O(5) bond, 2.88 Å. The Na-O bond distances in this octahedron range from 2.42 Å to
2.74 Å and the average bond distance, 2.56 Å, is higher than 2.38 Å; the sum of the
Shannon crystal radii for six-coordinated Na+ (1.16 Å) and O2- (1.22 Å). For Na(1), the
Na-O bond distances range from 2.42 Å to 2.86 Å, and the average bond distance, 2.59
Å, is higher than 2.38 Å; the sum of the Shannon crystal radii for six-coordinated Na+
(1.16 Å) and O2- (1.22 Å).
It was interesting to isolate two other manganese arsenate phases, KNaMn3(AsO4)3
and BaNa4Mn6(AsO4)6, which are structurally similar to Na3Mn7(AsO4)6. Figure 7.5a
shows a perspective drawing of the KNaMn3(AsO4)3 structure viewed along c-axis. The
corner-sharing AsO4 tetrahedra and MnO6 octahedra form a pseudo-one-dimensional
channel structure with two types of channels running along c-axis where potassium and
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sodium cations reside separately in each channel. As shown in Figure 7.5b, the pseudotwo-dimensional lattice is characterized by extended slabs of mixed Mn-O and As-O
polyhedra, spreading over the ac plane. The parallel slabs are connected to each other
through O-As-O-Mn-O linkages only. It is interesting to notice that MnO6 octahedra
share edges to form extended manganese oxide chains running along the a-axis which are
separated from each other by an arsenate matrix so that these chains can be considered to
be structurally isolated. The separating distances of manganese ions, 3.403 Å and 3.298
Å within the chain (Figure 7.5c), alternate along the chain. Similarly to the
Na3Mn7(AsO4)6 phase, KNaMn3(AsO4)3 also has manganese ions in the mixed 2+/3+
oxidation states. There are two crystallographically independent manganese atoms in this
compound. As shown in Table 7.8, the Mn-O bond distances range from 2.014 Å to 2.275
Å, and the average Mn-O distances in Mn(1)-O and Mn(2)-O are 2.11 Å and 2.22 Å,
respectively. The Mn-O distances in Mn(2)O6 are comparable with 2.19 Å, the sum of the
Shannon crystal radii24 for six-coordinated Mn2+ (0.97 Å) and three-coordinated O2(1.22Å). The bond valence sum calculations25 also indicate that the formal oxidation state
of Mn(2) is Mn2+, and the bond valence sum calculations on Mn(2)O6 gives the value of
1.88. The Mn-O distances in Mn(1)O6 on the other hand are comparable with 2.00 Å; the
sum of the Shannon crystal radii for six coordinated Mn3+ (0.785 Å) and threecoordinated O2- (1.22 Å). The bond valence sum calculations of Mn(1)O6 gives the value
of 2.53.
As shown in Figure 7.6a, the potassium cation is coordinated to eight oxygen atoms
in the channel. The K-O bond distances range from 2.313(8) Å to 3.04(1) Å.The average
K-O bond distance is 2.59 Å, which is smaller than the sum of the Shannon crystal radii;
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2.87 Å for eight coordinate K+ (1.65 Å) and three-coordinate O2- (1.22Å). Figure 7.6b
shows the coordination of Na-O in the channel. The average Na-O distance, 2.48 Å, is
slightly higher than the sum of Shannon crystal radii, 2.35 Å, for four coordinate Na+
(1.13 Å) and O2- (1.21 Å).
As shown in Figure 7.7a, BaNa4Mn6(AsO4)6 viewed along c-axis shows similar
structural features as those of KNaMn3(AsO4)3. It is interesting to notice that in the
former, Na+ cation reside in different channels compared to the latter. As shown in Figure
7.7b, isolated manganese oxide chains are embedded in a nonmagnetic arsenate matrix.
Another significant difference in BaNa4Mn6(AsO4)6 as compared to the other two
compounds is that the formal oxidation state of manganese is 2+. There are two
crystallographically independent manganese sites, and the Mn-O bond distances range
from 2.103(8) Å to 2.253 Å with average Mn-O distances for Mn(1)-O and Mn(2)-O
being 2.16 Å and 2.23 Å, respectively. These distances are comparable with 2.19 Å; the
sum of the Shannon crystal radii for six-coordinated Mn2+ (0.97 Å) and three-coordinated
O2- (1.22 Å). The bond valence sum calculations also indicate that the formal oxidation
state of manganese is Mn2+, where the bond valence sum calculations on Mn(1)O6 and
Mn(2)O6 give values of 2.20 and 1.81, respectively. One other noticeable difference in
BaNa4Mn6(AsO4)6 is that the separating distances of manganese ions, 3.352 Å and 3.434
Å, in the chain (Figure 7.7c) are relatively longer than those in KNaMn3(AsO4)3 due to
the bigger Mn2+ cations present in the extended chains. As shown in Figure 7.8a, the
barium cation is coordinated to eight oxygen atoms in the channel. The Ba-O bond
distances range from 2.444(8) Å to 3.091(7) Å. The average Ba-O bond distance is 2.75
Å, which is comparable with the sum of the Shannon crystal radii, 2.78 Å, of eight-
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(a)
.

(b)

(c)

Figure 7.5 (a) Perspective view of the structure of KNaMn3(AsO4)3 viewed along caxis. The [Mn3(AsO4)3]2- framework forms a pseudo-one-dimensional channel
structure with two types of channels where potassium and sodium cations reside. (b)
Partial structure of mixed (Mn-O/As-O) slab containing structurally isolated Mn-O
chains. (c) extended Mn-O chains formed by edge-sharing MnO6 octahedra.

234

(a)

(b)

Figure 7.6 (a) The coordination of K-O shown by solid lines where the doted lines
represent long K-O bonds in KNaMn3(AsO4)3. (b) Drawing of a NaO4 coordination
geometry. The bond lengths are in Angstrom.
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(a)

(b)

(c)

Figure 7.7 (a) Perspective view of the structure of BaNa4Mn6(AsO4)6 viewed along
the c-axis. (b) Partial structure of a mixed (Mn-O/As-O) slab containing structurally
isolated Mn-O chains where the chains are crosslinked by AsO4 groups. (c) extended
Mn-O chains formed by edge-sharing MnO6 octahedra.
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(a)

(b)

Figure 7.8 (a) The coordination of Ba-O shown by solid lines where the dotted lines
represent long Ba-O bonds in BaNa4Mn6(AsO4)6. (b) Drawing of a NaO6
coordination geometry. The bond lengths are in Angstroms.
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Na3Mn7(AsO4)6

KNaMn3(AsO4)3

BaNa4Mn6(AsO4)6

Figure 7.9 3D Mn-O network in Na3Mn7(AsO4)6 due to crosslinking between the
neighboring chains. KNaMn3(AsO4)3 and BaNa4Mn6(AsO4)6 exhibit isolated 1D
Mn-O chains.
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(a)

(b)
(c)

Figure 7.10 (a) Perspective view of the structure of Na1.72Mn3.28(AsO4)3 viewed
along c-axis. (b) Network of edge-sharing MnO6 octahedral chains link together by
AsO4 tetrahedra. (c) extended Mn-O chains formed by edge-sharing MnO6
octahedra.
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coordinate Ba2+ (1.56 Å) and three-coordinate O2- (1.22Å). Figure 7.8b shows the
coordination of Na-O in the channel. The average Na-O distance, 2.37 Å, is comparable
with the sum of Shannon crystal radii; 2.38 Å for six-coordinate Na+ (1.16 Å) and threecoordinate O2- (1.21 Å).
As shown in Figure 7.9, Na3Mn7(AsO4)6 has a complicated 3D Mn-O network due to
cross-linking between the neighboring chains whereas in KNaMn3(AsO4)3 and
BaNa4Mn6(AsO4)6, 1D Mn-O chains are found. BaNa4Mn6(AsO4)6 and KNaMn3(AsO4)3
draw a close comparison with Na1.72Mn3.28(AsO4)317 in terms of structural features.
Na1.72Mn3.28(AsO4)3 crystallizes in a monoclinic lattice, C2/c, with a = 12.197(1) Å, b =
12.953(1) Å, c = 6.754(2) Å, β = 113.85(4) and V = 976.1(3) Å3. This compound also
consists of infinite chains of MnO6 octahedra linked together by AsO4 tetrahedra (Figure
7.10). One notable difference between BaNa4Mn6(AsO4)6, KNaMn3(AsO4)3 and
Na1.72Mn3.28(AsO4)3 is that in Na1.72Mn3.28(AsO4)3, one of the two distinct channels is
statistically occupied by Mn2+ (site-occupancy factor = 0.28) and Na+ (site-occupancy
factor = 0.72).

Magnetic Susceptibility
Magnetic studies were first undertaken to determine if BaNa4Mn6(AsO4)6 possesses
interesting magnetic properties that might be derived from the manganese oxide chains
embedded in the nonmagnetic arsenate matrix. Magnetic measurements were performed
on a ground crystal sample at the 2 K-300 K temperature range under the applied fields of
5000 and 100 Oe. The plots of magnetic susceptibility and inverse susceptibility as a
function

of

temperature

are

shown

in
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Figure
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Figure 7.11 (a) Temperature dependence of magnetic susceptibility of
BaNa4Mn6(AsO4)6 at 5000 Oe. The inset shows the χT versus T plot. (b)
Temperature dependence of magnetic susceptibility of BaNa4Mn6(AsO4)6 at 100
Oe.
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~10 K indicates that antiferromagnetic transition occurs. The χΤ versus T curve measured
in the field of 5000 Oe is shown in inset of Figure 7.11a. The decrease of χΤ further
suggests a dominant antiferromagnetic interaction. First the χΤ decreases gradually with
the decrease of temperature down to 50 K and a sharp drop is encountered upon further
cooling. Figure 7.11b shows the (susceptibility) χ versus (temperature) T plot at 5000 Oe,
where there is no considerable difference between the curves recorded at 100 and 5000
Oe. The Weiss constant (θ) and the effective magnetic moments were determined by a
Curie-Weiss fit over the overall temperature range (2-300 K) of the inverse susceptibility
curve using 5000 Oe data. The least-squares fit of the data to the Curie-Weiss equation, χ
= χο + C/(T - θ), where C is the Curie constant, χο is the temperature independent factor
and θ is the Weiss constant, yielded best-fit values of C = 4.81(5) emu·K/mol and θ = 34.8(7) K. The effective magnetic moment, µeff calculated from the Curie constant is 6.2
(2) µB, is in good agreement with the spin-only value of 5.92 µB expected for the highspin Mn2+ (d5)ion. The Curie-Weiss equation fit the observed data rather well because the
ground state level of Mn2+ is 6S and no orbital angular momentum is associated with it
meaning there should be no spin-orbit coupling expected; this leads to a theoretical
magnetic moment of 5.92 µB, i.e., a pure spin-only moment, which compares very well
with the experimental moment for BaNa4Mn6(AsO4)6.
Magnetic measurements were also performed on a ground powder of selected crystals
of Na3Mn7(AsO4)6. The temperature dependence of magnetic susceptibility for
Na3Mn7(AsO4)6 in an applied field of 0.5 T is shown in Figure 7.12. It obeys the ideal
Curie-Weiss type paramagnetic behavior over the range 50-300 K, according to the χ-1
(inverse molar susceptibility) versus T (temperature) plot, and the material undergoes
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possibly a ferri or ferromagnetic ordering around ~10 K. This is further supported by the
temperature dependence of magnetic susceptibility in an applied field of 0.01T, where
there is a significant drop in the χ-1 vs. T plot in the temperature range of 2 K to 10 K as
shown in Figure 7.13. In addition, the sudden rise in χ T in χ T vs. T curve at ~10 K is
agreeable with ferri- or ferromagnetic-type ordering. Weak ferromagnetism present in an
antiferromagnetic system is frequently observed in low-dimensional structures.27 The
change of phase from a low-dimensional antiferromagnetically coupled to weakly
ferromagnetic state is due to spin-canting where the local spins in the ordered magnetic
state is not perfectly antiparallel and leads to a net spontaneous magnetization.26
The magnetic data was analyzed using a least-squares fit of the high-temperature (50300 K) data to the Curie-Weiss equation, χ = C/(T - θ), where C is the Curie constant,
and θ is the Weiss constant. Upon cooling, the inverse of dc susceptibility decreased
linearly from 300 to 50 K following roughly a Curie-Weiss behavior with C = 25.39(2)
emu K/mol and θ = -26.0(1) K. The calculated Curie constant is higher than the expected
spin-only value of 29.25 emu K/mol for six MnII (S = 5/2) and one MnIII (S = 2), taking
into account an average g value of 2. According to Hund’s rule, Mn2+ (3d5) has a halffilled shell with a total S = 5/2 and zero orbital moment. Mn3+ (3d4) has a spin S = 2 with
orbital moment quenched by the crystal filed.
Magnetization measurements as a function of the temperature were performed under
different applied fields in zero field cooling (ZFC) and field cooling (FC) conditions. As
shown in Figure 7.14, there is a divergence in the ZFC and FC curves. In order to explain
the temperature dependence of ZFC magnetization and FC magnetization, it is advisable
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Figure 7.14 Temperature dependence of the magnetic moment of Na3Mn7(AsO4)6,
measured under ZFC and FC conditions at applied fields of 500, 1000, 2500 and 5000
Oe.
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to comprehend the magnetic moment behavior in ZFC and FC processes. When the
sample is cooled at a non-zero field (FC), the spin moments are aligned almost parallel to
the direction of applied magnetic field and the sample shows non-zero magnetization.
When the sample is cooled at zero field (ZFC), the spin moments are totally disordered,
and the sample shows zero magnetization when the field is zero. If a field is applied to
the sample at low temperature, the spin moments rotate towards the applied magnetic
field direction but the magnetic anisotropy resists the rotation to applied field direction.28
In Na3Mn7(AsO4)6, the magnetic moment at the lowest temperatures in the ZFC case
shows smaller values, whereas under FC conditions it shows a larger value. This
magnetic behavior can be related to ferrimagnetism, which is noncompensated, AFM
behavior. To get a better understanding of this behavior, magnetization measurements as
a function of the applied field at different temperatures were performed in the 0-5 T range
specifically to investigate possible hysteretic behavior. The field dependence of the
magnetization of Na3Mn7(AsO4)6 at 2 K and 5 K is shown in Figure 7.15. The M vs. H
plot taken at 2 K shows a magnetic hysteresis with a coercive field Hc = 1120 Oe.
Increasing the temperature of the experiment produces smaller coercive fields, as
expected, and the coercive field at 5 K is 580 Oe. It is obvious that hysteresis loops are
not saturated even under 5 T. A more careful inspection of these hysteresis loops
indicates that at 2 and 5 K, steps occur. This staircase effect has been reported in the
mixed-valent manganese compound, La4Mn23+Mn22+O11.29 It has been proposed that the
staircase shape in the hysteresis loop results from the appearance of the different
magnetic behavior as a function of magnetic field, that is metamagnetic transitions.30 This
field induced transition is associated with the shifting of temperature at which the ZFC
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and FC curves merge as the applied field increases. Na3Mn7(AsO4)6 shows a merging of
the ZFC and FC curves around ~8 K at 500 Oe. Up to 2500 Oe, the magnetization at FC
conditions show values which increase as the applied magnetic field increases. The points
where ZFC and FC curves split, also shift to lower temperatures as the field increases,
proving the existence of a field induced-transition in Na3Mn7(AsO4)6.

UV-Vis Diffuse Reflectance Spectroscopy
To understand the electronic nature of the mixed valance system in Na3Mn7(AsO4)6,
UV-vis studies were performed. The absorption due to the d-d transitions can be detected
roughly ~1-2 eV (~1240-620 nm).31 The absorption corresponding to LMCT (ligand-tometal charge transfer) bands can be observed at 3 eV (~413 nm) and above. The
electronic absorption spectrum of the Na3Mn7(AsO4)6 is shown in Figure 7.16. The
absorption around 3 eV can be assigned to the LMCT originated from the AsO4 group.
The ligand-field spectra show a rather intense absorption band around 1.3 eV,
corresponding to the otherwise Laporte-forbidden d-d transition. This observation further
confirms the discrete nature of the manganese ions in the compound.
In conclusion, the new sodium manganese (II/III) arsenate, Na3Mn7(AsO4)6, was
grown by high-temperature, solid state methods using a NaCl flux. The structure can be
described as puckered sheets made up of MnO6 and AsO4 tetrahedra, and these puckered
sheets are interconnected by “trimeric” subunits made of edge sharing MnO6 octahedra
and AsO4 tetrahedra. This phase must involve manganese in two oxidation states, Mn3+
and Mn2+, and the formal oxidation state assignments determined by the magnetic and
BVS studies suggests that the Na3Mn7(AsO4)6 is a new addition of the mixed-valent
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manganese arsenate family. It was interesting to isolate two other manganese arsenate
phases, KNaMn3(AsO4)3 and BaNa4Mn6(AsO4)6 similar to Na3Mn7(AsO4)6. While
Na3Mn7(AsO4)6 has a complicated 3D Mn-O network due to crosslinking between the
neighboring chains, KNaMn3(AsO4)3 and BaNa4Mn6(AsO4)6 consist of 1D Mn-O chains
which are embedded in a nonmagnetic arsenate matrix. While BaNa4Mn6(AsO4)6 shows
antiferromagnetic behavior, the Na3Mn7(AsO4)6 compound exhibits an interesting
antiferromagnetic-to-ferrimagnetic transition at low temperatures. The magnetic
characterization on KNaMn3(AsO4)3 was not attempted due to the lack of sizable crystals.
It is worth to make an attempt to grow large crystal for structure property correlation
studies by varying the reaction conditions. It is intriguing to notice that Na3Mn7(AsO4)6
exhibits magnetic hysteresis with steps in the hysteresis loop, and this could be due to
different magnetic behavior as a function of magnetic field, that is metamagnetic
transitions. The current work on TM-containing mixed-valent compounds has enticed us
to continue investigating new magnetic materials, and we anticipate more interesting
magnetochemsitry in the future.
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CHAPTER 8

SYNTHESIS, STRUCTURE, AND MAGNETIC PROPERTIES OF MIXED
VALENCE Mn(II)/Mn(III) COMPOUNDS: µ3-OXO Ba2CsRbMn7O2(AsO4)6 AND

µ4-OXO CsMn3O(AsO4)2
Introduction
There has been an ongoing interest in the chemical and physical properties of
manganese-oxide clusters for several decades because systems containing discrete oxomanganese nanostructures are of magnetic importance.1 The synthesis and magnetic
properties of high-nuclearity manganese compounds have been the focus of intense
research effort in recent years. Considerably large magnetic anisotropy in these spin
clusters results in magnetic hysteresis 2 and quantum tunneling of magnetization.3 These
phenomena are assumed to be due to the strong intervalent charge transfer interactions
between magnetic ions through the oxo bridges. The large majority of these compounds
are composed of manganese atoms in the +2, +3, or +4 oxidation states with organicbased oxo ligands forming the bridges between metal centers. We have demonstrated that
nano-structured transition-metal-oxide frameworks can be encapsulated similarly by
oxyanion-based non-magnetic insulating materials such as silicates, phosphates and
arsenates to achieve the necessary quantum confinement of magnetic spins. In some
cases, the TM-oxide nanostructures form clusters, chains and layers that are not observed
in the bulk oxide. These provide new properties because of different structure
arrangement. It has been evident that these TM-oxide nanostructures form clusters,
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chains and layers that frequently mimic the structural unit of the bulk oxides of
technological importance.4
Low-dimensional materials exhibiting anisotropic transport and unusual magnetic
properties have attracted considerable attention.5 With the above area of interest in mind,
we discuss newly synthesized Mn(II)/Mn(III) compounds exhibiting pseudo-twodimensional structures. Mixed valence Mn(II) and Mn(III) complexes with 2D structures
have been reported and their magnetic properties have been studied previously.6
In the newly synthesized compounds, µ3-oxo Ba2CsRbMn7O2(AsO4)6 and µ4-oxo
CsMn3O(AsO4)2, the oxidation states of the manganese ions are assigned based on the
total charge balance, bond lengths, and bond-valance sum calculations. In both
compounds, the manganese oxide networks are found in an extended two-dimensional
arrangement. The low-dimensional character of these materials has been ensured by the
presence of alkali and alkaline-earth cations in between the pseudo-two-dimensional
slabs.
Magnetic studies were undertaken to find out if these compounds possess any
interesting magnetic properties that might be derived from the manganese oxide slabs
embedded in a nonmagnetic matrix. CsMn3O(AsO4)2 provides a very interesting system
in the magnetochemistry of this manganese based system. The magnetic results indicate
that the signature of antiferromagnetic fluctuations are, in fact, probably masked by a
spin-canting phenomenon that might lead to a weak ferromagnetic state below Tc = 25 K.
Magnetic susceptibility studies reveal an antiferromagnetic behavior with a transition
around 5 K in Ba2CsRbMn7O2(AsO4)6.
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In this chapter we will describe the preparation, structural characterization, and
magnetic

properties

of

2D

mixed-valence

Mn(II,

III)

compounds,

µ3-oxo

Ba2CsRbMn7O2(AsO4)6 and µ4-oxo CsMn3O(AsO4)2.

Synthesis and Characterization of Ba2CsRbMn7O2(AsO4)6

Synthesis
Single crystals of Ba2CsRbMn7O2(AsO4)6

were grown by employing a eutectic

CsCl/RbCl flux in a fused silica ampoule. The reactants were ground and loaded in a
nitrogen-blanketed dry box and then sealed under vacuum prior to heating. Black crystals
were grown by introducing the mixture of Mn2O3 (1.68 mmol, Aldrich, 99.999%), As2O5
(1.68 mmol, Strem, 99.9+%) and BaO (2.25 mmol, Aldrich, 99.99+%) into a eutectic
CsCl/RbCl flux with flux to charge ratio of 3:1. The resulting mixture was loaded into a
silica ampoule and reaction mixture was heated to 600°C at 1°C min-1, dwelled for two
days, heated to 850°C at 3°C min-1, dwelled for four days, then slowly cooled to 400°C at
0.1°C min-1 followed by furnace-cooling to room temperature. Prismatic crystals of
Ba2CsRbMn7O2(AsO4)6 (80 % yield) were isolated manually and washed with deionized
water using suction filtration method. No other crystalline products were found in the
final product.
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Single Crystal X-Ray Diffraction
Single crystals of Ba2CsRbMn7O2(AsO4)6 were physically examined and selected
under an optical microscope equipped with a polarizing light attachment. The data crystal
was mounted on a glass fiber with epoxy for the X-ray diffraction study. The data were
collected at room temperature and the structure was solved by direct method using the
SHELXL-97 program.7 Table 8.1 reports the crystallographic data of the title compound.
The atomic coordinates and the thermal parameters are listed in Tables 8.2 and 8.3
respectively. Selected bond distances and angles are listed in Table 8.4.

UV-Vis Diffuse Reflectance Spectroscopy
Optical absorption spectrum of the title compound was recorded on a PC-controlled
SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating sphere. A
black crystal sample of the Ba2CsRbMn7O2(AsO4)6 was ground and smeared onto Fisher
brand filter paper for data collection. The reflectance data were collected in the range of
200 nm (6.2 eV) to 2400 nm (0.5 eV) using slow scan speed and then the data were
converted manually into arbitrary absorption units using the Kubelka-Munk function.8

Magnetic Susceptibility

Temperature- and field-dependent magnetic measurements of Ba2CsRbMn7O2(AsO4)6
were carried out with a Quantum Design SQUID MPMS-5S magnetometer. The
measurements were taken from 2 K to 300 K in the applied field of H = 0.5 T. Selected
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Table 8.1 Crystallographic Data for Ba2CsRbMn7O2(AsO4)6
Chemical formula
Ba2CsRbMn7O2(AsO4)6
Crystal color, shape

Black, prismatic

Crystal size (mm)

0.02 × 0.02 × 0.02

Formula weight (amu)

1743.16

Space group

C2/m (No. 12)

a, Å

19.753(4)

b, Å

5.844(1)

c, Å

12.193(2)

β, °

117.61(3)

V, Å3

1247.3(4)

Z

2

ρ calcd, g/cm3

4.641

Linear abs. coeff., mm-1

1.0000-0.6848

F000

1570

T, (K) of data collection

300(2)

Reflections collected

5814

Reflections unique

1351

Rint /Rsigmaa

0.0332/0.0918

Parameters refined (restraints)

131(0)

Final R1/wR2b/goodness of fit (all data)
-

0.0363/0.0943/0.984

3

Largest difference peak /hole(e / Å )

1.188/-2.607

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0314P)2 + 4.0408 P] where P = (FO2 + 2FC2)/3.

2
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1/2

Table 8.2 Atomic Coordinates and Equivalent Displacement Parameters for
Ba2CsRbMn7O2(AsO4)6
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
0.35295(4)
0.5000
0.15990(6)
0.0245(2)
Ba(1) 4i
Cs(1)

4i

0.2393(3)

0.5000

0.3912(4)

0.0292(8)

Rb(1)

8j

0.2421(3)

0.443(1)

0.4232(6)

0.032(2)

Mn(1)

4g

0.0000

0.2336(2)

0.0000

0.0065(3)

Mn(2)

2c

0.5000

0.5000

0.5000

0.0146(4)

Mn(3)

4i

0.49216(8)

0.0000

0.2890(1)

0.0107(3)

Mn(4)

4i

0.30958(7)

0.5000

-0.1769(1)

0.0109(3)

As(1)

4i

0.15119(5)

0.5000

0.01614(8)

0.0088(2)

As(2)

4i

0.56508(5)

0.5000

0.28479(8)

0.0088(2)

As(3)

4i

0.38945(5)

0.0000

0.40993(9)

0.0181(3)

O(1)

4i

0.0728(3)

0.5000

0.0419(6)

0.009(1)

O(2)

4i

0.5651(4)

0.5000

0.4220(7)

0.019(1)

O(3)

4i

0.6564(4)

0.5000

0.3133(7)

0.023(2)

O(4)

4i

0.5961(4)

0.0000

0.4451(6)

0.018(1)

O(5)

8j

0.0166(3)

0.7703(8)

0.2011(4)

0.017(1)

O(6)

8j

0.2049(3)

0.2730(9)

0.0824(6)

0.026(1)

O(7)

4i

0.1218(4)

0.5000

-0.1353(7)

0.033(2)

O(8)

8j

0.4317(4)

0.223(1)

0.3755(5)

0.038(2)

O(9)

4i

0.4291(3)

0.5000

0-0.0387(6)

0.008(1)

O(10)

4i

0.2977(5)

0.0000

0.319(1)

0.115(8)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.
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Table 8.3 Anisotropic Thermal Parameters (Å2)a for Ba2CsRbMn7O2(AsO4)6
Atom U11
U22
U33
U23
U13
U12
Ba(1)

0.0182(3)

0.0219(4)

0.0240(4)

0.000

0.0018(3)

0.000

Cs(1)

0.044(1)

0.022(1)

0.022(2)

0.000

0.016(1)

0.000

Rb(1)

0.018(2)

0.058(5)

0.021(3)

-0.024(3)

0.009(2)

-0.018(2)

Mn(1)

0.0049(5)

0.0035(6)

0.0102(6)

0.000

0.0029(5)

0.000

Mn(2)

0.026(1)

0.013(1)

0.0114(9)

0.000

0.0147(9)

0.000

Mn(3)

0.0142(7)

0.0115(7)

0.0078(6)

0.000

0.0061(5)

0.000

Mn(4)

0.0067(6)

0.0142(7)

0.0105(7)

0.000

0.0029(5)

0.000

As(1)

0.0073(4)

0.0086(4)

0.0128(5)

0.000

0.0067(4)

0.000

As(2)

0.0099(4)

0.0077(4)

0.0086(4)

0.000

0.0042(4)

0.000

As(3)

0.0052(4)

0.0417(7)

0.0082(5)

0.000

0.0037(4)

0.000

O(1)

0.008(3)

0.005(3)

0.018(3)

0.000

0.007(3)

0.000

O(2)

0.028(4)

0.020(4)

0.014(3)

0.000

0.012(3)

0.000

O(3)

0.010(3)

0.043(5)

0.016(4)

0.000

0.006(3)

0.000

O(4)

0.026(4)

0.019(4)

0.013(3)

0.000

0.013(3)

0.000

O(5)

0.029(3)

0.011(2)

0.010(2)

0.002 (2)

0.009(2)

0.006(2)

O(6)

0.018(2)

0.015(2)

0.056(4)

0.010(3)

0.025(3)

0.006(2)

O(7)

0.021(4)

0.066(6)

0.019(4)

0.000

0.015(3)

0.000

O(8)

0.055(4)

0.050(4)

0.026(3)

0.010(3)

0.029(3)

-0.006(3)

O(9)

0.005(3)

0.006(3)

0.011(3)

0.000

0.001(2)

0.000

O(10)

0.005(4)

0.30(3)

0.025(5)

0.000

-0.006(4)

0.000

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 8.4 Bond Distances (Å) and Angles (deg) for Ba2CsRbMn7O2(AsO4)6
Mn(1)O6 Octahedra
Mn(1)-O(9)iii

1.853(4)

Mn(1)-O(1)xx

2.018(4)

Mn(1)-O(1)

2.018(4)

Mn(1)-O(5)xx

2.318(4)

O(9)iii-Mn(1)-O(9)viii

85.1(3)

O(1)-Mn(1)-O(5)1

90.6(2)

O(9)iii-Mn(1)-O(1)

97.96(17)

O(1)xx-Mn(1)-O(5)i

90.3(2)

O(9)viii-Mn(1)-O(1)

176.9(2)

O(1)-Mn(1)-O(5)xx

90.3(2)

O(1)-Mn(1)-O(1)xx

79.0(3)

O(5)1-Mn(1)-O(5)xx

178.9(2)

O(9)iii-Mn(1)-O(5)i

89.0(2)

O(9)viii-Mn(1)-O(5)i

90.2(2)

Mn(2)O6 Octahedra
Mn(2)-O(2)

1.921(7)

Mn(2)-O(8)vii

2.200(7)

O(2)-Mn(2)-O(2)vii

180.000(1)

O(8)-Mn(2)-O(8)i

96.0(3)

O(2)-Mn(2)-O(8)

89.8(2)

O(8)vii-Mn(2)-O(8)i

117.2(2)

O(2)vii-Mn(2)-O(8)

90.2(2)

O(2)-Mn(2)-O(8)xiii

84.3(2)

vii

vii

xiii

O(8)-Mn(2)-O(8)

180.0(3)

O(2) -Mn(2)-O(8)

O(8)7-Mn(2)-O(8)xiii

87.6(2)

O(8)-Mn(2)-O(8)xiii

O(8)i-Mn(2)-O(8)xiii

94.7(2)

94.8(2)
101.4(2)

Mn(3)O6 Octahedra
Mn(3)-O(4)

2.053(7)

Mn(3)-O(7) iii

2.162(8)

Mn(3)-O(5) iii

2.088(5)

Mn(3)-O(8)xviii

2.326(7)

O(4)-Mn(3)-O(5) iii

85.1(3)

O(5)iii-Mn(3)-O(8)

161.3(2)

O(4)-Mn(3)-O(5)v

97.96(17)

O(5)v-Mn(3)-O(8)

95.6(2)

O(5)iii-Mn(3)-O(5)v

176.9(2)

O(7)iii-Mn(3)-O(8)

81.1(2)

iii

iii

O(5) -Mn(3)-O(7)

97.96(17)

xviii

O(4)-Mn(3)-O(8)
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94.8(2)

Table 8.4 (cont’d) Bond Distances (Å) and Angles (deg) for Ba2CsRbMn7O2(AsO4)6
O(5)v-Mn(3)-O(7)iii
79.0(3)
O(5)iii-Mn(3)-O(8)xviii
95.6(2)
O(4)-Mn(3)-O(8)

89.0(2)
Mn(4)O6 Octahedra

iii

Mn(4)-O(10)

2.026(9)

Mn(4)-O(6)iii

2.065(5)

Mn(4)-O(3)xxii

2.062(7)

Mn(4)-O(9)

2.174(6)

O(10)iii-Mn4)-O(3)xxii

84.8(4)

O(6)iv-Mn(4)-O(6)iii

101.2(3)

O(10)iii-Mn4)-O(6)iv

96.9(3)

O(10)iii-Mn(4)-O(9)

173.8(4)

O(3)xxii-Mn(4)-O(6)iv

129.2(2)

O(3)xxii-Mn(4)-O(9)

89.0(3)

iv

O(6) -Mn(4)-O(9)

87.07(18)
As(1)O4 Tetrahedra

As(1)-O(7)

1.659(8)

As(1)-O(1)

1.717(6)

As(1)-O(6)i

1.657(5)

O(7)-As(1)-O(6)i

110.9(2)

O(7)-As(1)-O(1)

108.9(3)

O(6)1-As(1)-O(6)

106.5(4)

O(6)i-As(1)-O(1)

109.8(2)

As(2)O4 Tetrahedra
As(2)-O(5)v

1.690(5)

107.0(4)

O(2)-As(2)-O(5)v

110.0(2)

112.3(2)

O(5)v-As(2)-O(5)ii

105.2(3)

As(2)-O(3)

1.671(7)

As(2)-O(2)

1.673(7)

O(3)-As(2)-O(2)
O(3)-As(2)-O(5)v
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Table 8.4 (cont’d) Bond Distances (Å) and Angles (deg) for Ba2CsRbMn7O2(AsO4)6
As(3)O4 Tetrahedra
As(3)-O(10)

1.627(9)

As(3)-O(8)xviii

1.703(6)

As(3)-O(4)xvii

1.655(7)

As(3)-O(8)

1.703(6)

O(10)-As(3)-O(4)xvii

108.0(5)

O(8)xviii-As(3)-O(8)

O(10)-As(3)-O(8)xviii

110.7(3)

100.1(5)

[Rb-O] Polyhedra
Rb(1)-O(3)vii

2.91(1)

Rb(1)-O(2)vii

3.39(1)

Rb(1)-O(4)vi

3.035(9)

Rb(1)-O(10)x

3.58(1)

Rb(1)-O(3)

viii

3.046(8)

Rb(1)-O(10)

Rb(1)-O(3)

vi

3.625(8)

3.29(1)

O(3)vii-Rb(1)-O(3)viii

122.7(2)

O(3)vii-Rb(1)-O(10)x

48.9(2)

O(4)vi-Rb(1)-O(3) viii

76.9(2)

O(4)vi-Rb(1)-O(10)x

46.4(2)

O(3)vii-Rb(1)-O(10)

109.3(3)

O(3)viii-Rb(1)-O(10)x

99.2(2)

vi

x

O(4) -Rb(1)-O(10)

128.3(3)

O(10)-Rb(1)-O(10)

131.0(2)

O(3)viii-Rb(1)-O(10)

51.4(2)

O(3)vii-Rb(1)-O(3)vi

105.7(3)

O(3)vii-Rb(1)-O(2)vii

49.8(2)

O(4)vi-Rb(1)-O(3)vi

68.6(2)

O(4)vi-Rb(1)-O(2)vii

143.9(3)

O(3)viii-Rb(1)-O(3)vi

122.1(3)

O(3)viii-Rb(1)-O(2)vii

125.4(3)

O(10)-Rb(1)-O(3)vi

138.4(3)

vii

O(10)-Rb(1)-O(2)

78.6(2)

x

vi

O(10) -Rb(1)-O(3)

89.2(2)

[Cs-O] Polyhedra
Cs(1)-O(4)vi

3.186(8)

Cs(1)-O(10)i

3.400(6)

Cs(1)-O(3)vii

3.217(8)

Cs(1)-O(2)vii

3.459(9)

Cs(1)-O(3)viii

3.268(4)
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Table 8.4 (cont’d) Bond Distances (Å) and Angles (deg) for Ba2CsRbMn7O2(AsO4)6
O(3)viii-Cs(1)-O(3)vi
126.8(3)
O(10)xi -Cs(1)-O(10)
118.5(4)
O(4)vi-Cs(1)-O(10)

119.5(2)

O(4)vi-Cs(1)-O(2)vii

133.8(2)

O(3)vii-Cs(1)-O(10)

99.8(2)

O(3)vii-Cs(1)-O(2)vii

47.3(2)

O3)viii-Cs(1)-O10)

48.8 (2)

O(3)viii-Cs(1)-O(2)vii

116.6(1)

vi

O(3) -Cs(1)-O(10)

151.4(3)
[Ba-O] Polyhedra

Ba(1)-O(8)i

2.856(6)

Ba(1)-O(7)iii

3.003(2)

Ba(1)-O(6)

2.940(5)

Ba(1)-O(6)iii

3.074(6)

Ba(1)-O(5)ii

3.317(5)

O(8)i-Ba(1)-O(6)

125.9(2)

O(8)-Ba(1)-O(6)iii

113.0(2)

O(8)-Ba(1)-O(6)

94.4(2)

O(6)-Ba(1)-O(6) iii

65.5(2)

O(8)-Ba(1)-O(7)iii

59.8(2)

O(6)i-Ba(1)-O(6)iii

93.1(1)

O(8)-Ba(1)-O(6)i

125.9(2)

O(7)ii-Ba(1)-O(6)iii

114.5(2)

O(6)-Ba(1)-O(6)i

53.7(2)

O(7)iii-Ba(1)-O(6)iii

53.4(2)

ii

iv

O(8)-Ba(1)-O(7)

126.8(2)

O(8)-Ba(1)-O(6)

O(6)-Ba(1)-O(7)ii

126.4(2)

O(6)i-Ba(1)-O(6) iv

65.5(2)

O(6)i-Ba(1)-O(7)ii

73.4(2)

O(7)ii-Ba(1)-O(6) iv

53.4(2)

O(7)ii-Ba(1)-O(7)iii

153.4(3)

O(6)iii-Ba(1)-O(6) iv

62.5(2)

O(8)i-Ba(1)-O(5)ii

63.6(1)

O(8)-Ba(1)-O(5)ii

90.8(1)

168.5(1)

Symmetry transformations used to generate equivalent atoms: (i) x,-y+1,z; (ii) -x+1/2,y+3/2,-z; (iii) -x+1/2,-y+1/2,-z; (iv) -x+1/2,y+1/2,-z; (v) -x+1/2,y-1/2,-z; (vi) x1/2,y+1/2,z; (vii) -x+1,-y+1,-z+1; (viii) x-1/2,y-1/2,z; (ix)-x+1/2,y+1/2,-z+1; (x) -x+1/2,y+1/2,-z+1; (xi) x,y+1,z; (xii) -x+1/2,y-1/2,-z+1; (xiii)-x+1,y,-z+1; (xiv) x+1/2,y+1/2,z;
(xv) x+1/2,-y+1/2,z; (xvi) x+1/2,y-1/2,z; (xvii) -x+1,-y,-z+1; (xviii) x,-y,z; (xix) x,y-1,z;
(xx) -x,-y+1,-z; (xxi) -x,-y,-z; (xxii) -x+1,-y+1,-z; (xxiii) x+1/2,-y+3/2,z
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crystals of Ba2CsRbMn7O2(AsO4)6 (9.5 mg) were ground and contained in a gel capsule
sample holder. The magnetic susceptibility was corrected for the gel capsule and core
diamagnetism with Pascal constants.9

Results and Discussion
Structure
The crystal structure of Ba2CsRbMn7O2(AsO4)6 can be described as a threedimensional architecture containing pseudo-two-dimensional manganese oxide slabs built
from MnO6, MnO5 and AsO4 polyhedra. Figure 8.1 shows a perspective drawing of the
Ba2CsRbMn7O2(AsO4)6 structure viewed along the b axis. The corner-sharing AsO4
tetrahedra and MnOx polyhedra form a pseudo one dimensional channel structure with
two types of channels running along the b axis where cesium and rubidium cations reside
in one channel while barium cations are sitting in the other.
As shown in Figure 8.2a, the pseudo-two-dimensional lattice is characterized by
extended [Mn7As6O26]6-slab, spreading over the bc plane. The parallel slabs are
connected to each other through O-As-O-Mn-O linkages only. In addition, these slabs are
also partially separated from each other by a pseudo one-dimensional channel. A section
of the mixed (Mn-O/As-O) slab is projected onto the ac plane as shown in Figure 8.2a.
This extended [Mn7As6O26]6- slab is composed of distorted, Mn(4)-centered oxygen
square pyramids, Mn(1)-, Mn(2)- and Mn(3)-centered octahedra as well as AsO4
tetrahedra. There is no Mn-O-Mn links between the neighboring [Mn7As6O26]6- slabs.
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In order to get a better understanding of the structure, a mixed (Mn-O/As-O) slab can
be divided into two layered areas as outlined by dotted rectangles (Figures 8.2b and 8.3c).
A detailed view of [Mn(1)/Mn(4)] layer made up of the Mn(1)O6 and Mn(4)O5 polyhedra
is shown in Figure 8.2b and this layer propagates along the ab plane. This layer is
composed of 1D chains of edge shared Mn(1)O6 octahedra and Mn(4)O5 square pyramids
connecting to the 1D chain through µ3-oxo oxygens. As shown in Figure 8.2c, the
[Mn(2)/Mn(3)] layer, on the other hand, is composed of corner-sharing Mn(2)O6 and
Mn(3)O6 octahedra forming a perovskite sheets. This layer propagates along the bc plane
with two AsO4 units sharing corners inside the perovskite sheets, and another AsO4 unit
sharing corners between the neighboring ‘square’ lattices, making the Mn-O network
appear as a corner sharing ‘square’ lattice.
As shown in Figure 8.3a, in the Mn(1)/Mn(4) layer, the alternating Mn(1)…Mn(1)
distances are 2.731(2) Å and 3.114(2) Å, corresponding to the alternating µ3-oxo oxygen,
O(9) of Mn3 and (O1) of AsO4 along the chain direction. As shown in Figure 8.3b, each
Mn atom is connected to the other two Mn atoms via µ3-oxo groups with a Mn(1)…Mn(1)
separation of 2.731(2) Å and a Mn(1)…Mn(4) separation of 3.63(6) Å. In the nearly
planer µ3-O group two different Mn-O-Mn angles such as 128.19(1)º for Mn(4)-O(9)Mn(1) and 94.88(2)º for Mn(1)-O(9)-Mn(1) are found. These different bond angles,
Mn…Mn distances and different Mn-Ooxo bond distances (1.853(4) and 2.174(6) Å for
Mn(1)-O(9) and Mn(4)-O(9)), respectively make a triangle. The geometries, however,
deviate from the perfect triangle, where it is not described well by geometrically
frustrated triangular lattices.
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Figure 8.4 shows the perspective drawing of the [Mn7As6O26]6- slab in which the
[Mn(1)/Mn(4] layer connects the [Mn(2)/Mn(3)] perovskite sheet. While Mn(1)O6 and
Mn(3)O6 octahedra share corners through oxygen O(5), As(2)O4 tetrahedra share corners
with Mn(1)O6, Mn(2)O5, Mn(3)O6 and Mn(4)O6 polyhedra to make an extended slab
spreading along the bc plane. As shown in Table 8.4, for Mn(3) and Mn(4), the
manganese oxide polyhedra adopt bond distances normally observed in the Mn2+ ion. The
Mn(3)-O and Mn(4)-O bond distances range from 2.02 Å to 2.32 Å, reasonably
comparable with 2.19 Å, the sum of the Shannon crystal radii10 for a six-coordinate Mn2+
(0.97Å) and three-coordinate O2- (1.22Å). The bond valence sum calculation,11 based on
bond distances for Mn2+-O, gives a bond valence sum of 2.22 for Mn(3) and 2.31 for
Mn(4). In Mn(1), the MnO6 adopts bond distances normally observed in the Mn3+ ion.
The Mn(1)-O bond distances range from 1.85 Å to 2.31 Å and the average Mn(1)-O bond
distance, 2.06 Å is comparable with 2.00 Å, the sum of the Shannon crystal radii for a six
coordinate Mn3+ (0.78 Å) and three-coordinate O2- (1.22Å). The [4+2]-distortion in
Mn(1)O6 is typical of the Jahn-Teller-effect shown by trivalent manganese. The bond
valence sum calculation, based on parameters for Mn2+-O, gives a bond valence sum of
2.78 for Mn(1), and based on parameters for Mn3+-O, gives a bond valence sum of 2.51.
Although the bond valance sum analysis of Mn(2) results in an ambiguity, Mn(2)O6
adopts bond distances normally observed in the Mn2+ ion where the average Mn(2)-O
bond distances, 2.10 Å are comparable with 2.19Å, the sum of the Shannon crystal radii.
Therefore it is reasonable to assign 2+ formal oxidation states for Mn(2), Mn(3) and
Mn(4) and 3+ for Mn(1), in accordance with the expected charge balance formula,
Ba2CsRbMn(III)2Mn(II)5O2(AsO4)6.
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Figure 8.1 Perspective view of the structure of Ba2CsRbMn7O2(AsO4)6 viewed along
the b-axis. The corner-sharing AsO4 tetrahedra and MnOx polyhedra form a pseudoone-dimensional channel structure with two type of channels where cesium and
rubidium cations reside in one channel and barium cation in the other.
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(a)

(b)

(c)

Figure 8.2 (a) Partial structure of mixed (Mn-O/As-O) slab containing two
alternating layered areas as outlined by dotted rectangles in Ba2CsRbMn7O2(AsO4)6.
(b) [Mn(1)/Mn(4)] layer composed of edge sharing Mn(1)O6 octahedra and Mn(4)O5
square pyramids (c) [Mn(2)/Mn(3)] layer composed of corner sharing Mn(2)O6 and
Mn(3)O6 octahedra forming a Mn-O perovskite sheet.
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(a)

(b)

Figure 8.3 (a) [Mn(1)/Mn(4)] layer with alternating Mn(1)…Mn(1) distances of
2.731 Å and 3.114 Å in Ba2CsRbMn7O2(AsO4)6. (b) µ3-oxo group with
Mn(1)…Mn(1) separation of 2.731 Å and Mn(1)…Mn(4) separation of 3.626 Å.
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Figure 8.4 Drawing of the [Mn7As6O26]6-slab in which the two unit structures of
condensed MnO6 octahedra stacked along c in an alternating fashion in
Ba2CsRbMn7O2(AsO4)6. While Mn(1)O6 and Mn(3)O6 octahedra share corners
through oxygen, O(5), As(2)O4 tetrahedra share corners with Mn(1)O6, Mn(4)O5,
Mn(3)O6 and Mn(4)O6 polyhedra.
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Magnetic Susceptibility
Magnetic measurements were first performed on a ground crystalline sample. The
temperature dependence of the magnetic susceptibility for Ba2CsRbMn7O2(AsO4)6 in an
applied field of 0.5T is shown in Figure 8.5. The temperature dependence of magnetic
susceptibility for Ba2CsRbMn7O2(AsO4)6 obeys the ideal Curie-Weiss type paramagnetic
behavior over the range 50-300 K, according to the χ-1 (inverse molar susceptibility)
versus T (temperature) plot. There exists a peak around ~5 K. Figure 8.6 shows the the χ
(susceptibility) versus T (temperature) plot at 0.05T, where there is no noticeable
difference between the curves recorded at 500 and 5000 Oe.
The inset of Figure 8.6 shows the χT versus T (temperature) plot. As the temperature
is lowered, the χT values decrease and approach zero, indicating antiferromagnetic
coupling. Upon cooling, the inverse of the dc susceptibility decreases linearly from 300
to 100 K, following roughly a Curie-Weiss behavior with C = 22.99(9) emu K/mol and θ
= -32.6(8) The calculated effective magnetic moment, µeff = 13.6(8) µB, per formula unit
is slightly lower than the theoretical value of 14.93 µB (for d5 5Mn2+ ion and d4 2Mn3+
ion). The antiferromagnetic transition is consistent with the negative Weiss constant, θ.
The low onset temperature of the transition is attributed to the weak magnetic coupling
via the Mn-O-Mn superexchange.

UV-Vis Diffuse Reflectance Spectroscopy
To understand the electronic nature of the mixed valance Mn-O slabs, a UV-vis study
was performed, since the crystals of Ba2CsRbMn7O2(AsO4)6 are black in color. The
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Figure 8.5 Temperature dependence of the magnetic susceptibility of
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Figure 8.7 UV-vis diffuse-reflectance spectra of Ba2CsRbMn7O2(AsO4)6.
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6

electronic absorption spectrum of Ba2CsRbMn7O2(AsO4)6 was collected at the range of
200 nm (6.2 eV) to 2400 nm (0.5 eV). As shown in Figure 8.7, a broad band is found at
2.78 eV and a small peak is also observed at 3.00 eV. The absorption bands below 3.0 eV
are in the range where the d-d transitions are generally observed. These absorption bands
below 3.0 eV could be attributed to the transitions from d4 Mn3+ cations, since the d-d
transitions from d5 Mn2+ cations are Laporte-forbidden.

Synthesis and Characterization of CsMn3O(AsO4)2
Synthesis
Single crystals of CsMn3O(AsO4)2 were grown by employing a eutectic CsCl/RbCl
flux in a fused silica ampoule. The reactants were ground and loaded in a nitrogenblanketed dry box and then sealed under vacuum prior to heating. Dark brown crystals
were grown by introducing the mixture of Mn2O3 (0.442 mmol, Aldrich, 99.999%), MnO
(1.768 mmol, Alfa, 99.999%) and As2O5 (1.326 mmol, Strem, 99.9+%) into the eutectic
CsCl/RbCl flux with a flux to charge ratio of 3:1. The resulting mixture was loaded into a
silica ampoule and the reaction mixture was heated to 545°C at 1°C min-1, isothermed for
two days, heated to 700°C at 3°C min-1, isothermed for two days, then slowly cooled to
400°C at 0.1°C min-1 followed by furnace-cooling to room temperature. Column-like
crystals of CsMn3O(AsO4)2 (30% yield) were isolated manually and washed with
deionized water using suction filtration method. The other crystalline byproducts were
identified as Mn2As2O7 (20% yield)12 and the previously discovered Mn4O4 cubane
containing (Cs3Cl)Mn4O4(AsO4)3 (10% yield)
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Single Crystal X-Ray Diffraction
Single crystals of CsMn3O(AsO4)2 were physically examined and selected under an
optical microscope equipped with a polarizing light attachment. The data crystal was
mounted on a glass fiber with epoxy for the X-ray diffraction study. The data were
collected at room temperature and the structure was solved by direct method using the
SHELXL-97 program7 and refined on F2 by least-squares, full-matrix techniques. Table
8.5 reports the crystallographic data of the title compound. The atomic coordinates and
the thermal parameters are listed in Tables 8.6 and 8.7 respectively. Selected bond
distances and angles are listed in Table 8.8.

Magnetic Susceptibility
Temperature- and field-dependent magnetic measurements of CsMn3O(AsO4)2 were
carried out with a Quantum Design SQUID MPMS-5S magnetometer. The measurements
were taken from 2 K to 300 K at different applied magnetic fields. Selected crystals of
CsMn3O(AsO4)2 (2.1 mg) were ground and contained in a gel capsule sample holder. The
magnetic susceptibility was corrected for the gel capsule and core diamagnetism with
Pascal constants.9 For the zero-field-cooled (ZFC) magnetization measurements, the
sample was first cooled to 2 K in zero field, after which the magnetic field (100 Oe) was
applied. The sample was then slowly warmed to 300 K for subsequent measurements of
the magnetic moment. For the field-cooled (FC) magnetization measurements, the sample
was cooled to 2 K with a applied filed of 100 Oe and the measurements were taken upon
heating. Field-dependent studies were performed at 2 K and 20 K.
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Table 8.5 Crystallographic Data for CsMn3O(AsO4)2
Chemical formula
CsMn3O(AsO4)2
Crystal color, shape

Orange, Column

Crystal size (mm)

0.48 × 0.04 × 0.04

Formula weight (amu)

591.57

Space group

P21/c (No. 14)

a, Å

8.775(2)

b, Å

5.791(1)

c, Å

18.091(4)

β (°)

91.06(3)

V, Å3

919.2(3)

Z

4

ρ calcd, g/cm3

4.274

F000

1072

T, (K) of data collection

300(2)

Reflections collected

7346

Reflections unique

1634

Rint /Rsigmaa

0.0257/0.0669

Parameters refined (restraints)

140 (0)

Final R1/wR2b/goodness of fit (all data)

0.0293/0.0719/0.801

Largest difference peak /hole(e- / Å3 )

0.800/-1.310

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0716 P)2 + 30.8127 P] where P = (FO2 + 2FC2)/3.
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Table 8.6 Atomic Coordinates and Equivalent Displacement Parameters for
CsMn3O(AsO4)2
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
4e
0.63789(5)
0.22267(7)
0.19018(2)
0.0311(2)
Cs
Mn(1)

4e

1.00064(9)

0.2100(1)

0.31969(4)

0.0106(2)

Mn(2)

4e

0.30288(9)

-0.2226(1)

0.05451(5)

0.0127(2)

Mn(3)

2c

0.0000

0.5000

0.0000

0.0077(2)

Mn(4)

2a

0.0000

0.0000

0.0000

0.0079(2)

As(1)

4e

0.15710(6)

0.20263(9)

0.15326(3)

0.0088(2)

As(2)

4e

0.30141(6)

0.22309(9)

0.43154(3)

0.0092(2)

O(1)

4e

0.7461(4)

-0.0199(6)

0.0320(2)

0.0147(8)

O(2)

4e

0.2303(4)

0.2069(7)

0.3447(2)

0.0164(9)

O(3)

4e

0.0523(5)

0.0537(7)

0.2153(2)

0.0167(8)

O(4)

4e

0.1910(4)

0.4750(7)

0.1793(2)

0.0152(8)

O(5)

4e

0.7791(4)

0.5075(7)

0.0179(2)

0.0142(8)

O(6)

4e

0.3124(4)

0.0464(7)

0.1363(2)

0.0177(8)

O(7)

4e

0.4853(4)

0.1685(8)

0.4274(2)

0.0220(9)

O(8)

4e

1.0355(4)

0.2238(6)

0.0781(2)

0.0106(8)

O(9)

4e

-0.0507(4)

0.2482(6)

-0.0627(2)

0.0084(7)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.
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Table 8.7 Anisotropic Thermal Parameters (Å2)a for CsMn3O(AsO4)2
Atom U11
U22
U33
U23
U13

U12

Cs(1)

0.0370(3)

0.0214(3)

0.0345(3)

0.0022(2)

-0.0067(2)

-0.0022(2)

As1)

0.0099(3)

0.0079(3)

0.0085(3)

-0.0007(2)

-0.0005(2)

0.0004(2)

As(2)

0.0080(3)

0.0093(3)

0.0104(3)

0.0006(2)

0.0002(2)

-0.0010(2)

Mn(1)

0.0118(4)

0.0107(4)

0.0092(4)

-0.0005(3)

0.0006(3)

0.0001(3)

Mn(2)

0.0093(4)

0.0133(4)

0.0154(4)

-0.0040(3)

-0.0023(3)

0.0025(3)

Mn(3)

0.0077(5)

0.0069(5)

0.0086(5)

-0.0009(4)

0.0003(4)

0.0007(4)

Mn(4)

0.0093(5)

0.0066(5)

0.0077(5)

0.0001(4)

-0.0010(4)

0.0008(4)

O(1)

0.019(2)

0.010(2)

0.015(2)

0.002(2)

-0.002(2)

0.000(2)

O(2)

0.014(2)

0.025(2)

0.010(2)

-0.001(2)

0.001(1)

0.003(2)

O(3)

0.028(2)

0.012(2)

0.010(2)

-0.000(2)

0.004(2)

-0.006(2)

O(4)

0.019(2)

0.007(2)

0.019(2)

-0.002(2)

-0.001(1)

-0.001(1)

O(5)

0.012(2)

0.013(2)

0.017(2)

-0.006(2)

-0.002(1)

0.001(1)

O(6)

0.012(2)

0.017(2)

0.023(2)

-0.007(2)

-0.007(1)

0.004(2)

O(7)

0.006(2)

0.025(2)

0.035(2)

0.002(2)

-0.000(2)

-0.002(2)

O(8)

0.014(2)

0.01(2)

0.009(2)

-0.000(2)

-0.005(1)

0.000(1)

O(9)

0.009(2)

0.007(2)

0.008(2)

0.003(1)

0.001(1)

-0.002(1)

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 8.8 Distances (Å) and Angles (deg) for CsMn3O(AsO4)2
Mn(1)O5 Square pyramid
Mn(1)-O(2)iii

2.057(4)

Mn(1)-O(4)ii

2.164(4)

Mn(1)-O(3)i

2.137(4)

Mn(1)-O(9)v

2.197(4)

Mn(1)-O(3)iii

2.150(4)

O(2)iii-Mn(1)-O(3)i

106.3(2)

O(3)iii-Mn(1)-O(4)ii

85.4(1)

O(2)iii-Mn(1)-O(3)iii

88.1(2)

O(2)iii-Mn(1)-O(9)v

90.3(1)

O(3)i-Mn(1)-O(3)iii

100.4(1)

O(3)i-Mn(1)-O(9)v

97.8(1)

O(2)iii-Mn(1)-O(4)ii

138.7(2)

O(3)iii-Mn(1)-O(9)v

161.4(1)

O(3)i-Mn(1)-O(4)ii

115.1(1)

O(4)iii-Mn(1)-O(9)v

83.5(1)

Mn(2)O5 Square pyramid
Mn(2)-O(7)ii

1.985(4)

Mn(2)-O(5)viii

2.219(4)

Mn(2)-O(1)viii

2.141(4)

Mn(2)-O(9)ix

2.225(4)

Mn(2)-O(6)

2.149(4)

O(7)ii-Mn(2)-O(1)viii

120.2(2)

O(6)-Mn(2)-O(5)viii

162.5(1)

O(7)ii-Mn(2)-O(6)

95.3(2)

O(7)ii-Mn(2)-O(9)ix

153.8(2)

O(1)viii-Mn(2)-O(6)

91.9(2)

O(1)viii-Mn(2)-O(9)ix

84.6(1)

O(7)ii-Mn(2)-O(5)viii

98.8(2)

O(6)-Mn(2)-O(9)ix

91.6(1)

O(1)viii-Mn(2)-O(5)viii

89.8(2)

O(5)viii-Mn(2)-O(9)ix

71.2(1)

Mn(3)O6 Octahedra
Mn(3)-O(9)x

1.895(4)

Mn(3)-O(5)iv

1.972(4)

O(9)-Mn(3)-O(9)x

180.0(2)

iv

O(9)-Mn(3)-O(5)

83.9(2)

Mn(3)-O(8)xi

2.153(4)

O(5)iv-Mn(3)-O(8)xi
xi

xi

O(5) -Mn(3)-O(8)
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87.8(1)
92.2(1)

Table 8.8 (cont’d) Bond Distances (Å) and Angles (deg) for CsMn3O(AsO4)2
O(9)x-Mn(3)-O(5)iv
96.1(2)
O(5)xiv-Mn(3)-O(5)xi

180

O(9)x-Mn(3)-O(8)iv

98.6(1)

O(9)xi-Mn(3)-O(8)xi

81.4(1)

O(5)iv-Mn(3)-O(8)iv

92.2(2)

xi

iv

O(8) -Mn(3)-O(8)

180.0(2)

xi

iv

O(5) -Mn(3)-O(8)

87.8(2)

Mn(4)O6 Octahedra
Mn(4)-O(1)iv

2.316(4)

180.0(2)

O(8)viii-Mn(4)-O(1)iv

90.4(2)

O(9)-Mn(4)-O(8)viii

92.2(2)

O(8)iv-Mn(4)-O(1)iv

89.6(2)

O(9)ix-Mn(4)-O(8)viii

87.8(2)

O(1)iv-Mn(4)-O(1)viii

180.0(2)

O(8)viii-Mn(4)-O(8)iv

180.0(3)

O(9)ix-Mn(4)-O(1)iv

91.7(2)

O(9)-Mn(4)-O(1)iv

88.3(2)

Mn(4)-O(9)

1.879(3)

Mn(4)-O(8)viii

1.938(4)

O(9)-Mn(4)-O(9)ix

As(1)O4 Tetrahedra
As(1)-O(6)

1.669(4)

As(1)-O(4)

1.672(4)

O(6)-As(1)-O(4)

114(2)

As(1)-O(8)iv

1.717(4)

O(6)-As(1)-O(8)iv

112.9(2)

iv

O(6)-As(1)-O(3)

107.5(2)

O(4)-As(1)-O(8)

105.1(2)

O(4)-As(1)-O(3)

112.8(2)

O(3)-As(1)-O(8)iv

102.9(2)

As(2)O4 Tetrahedra
As(2)-O(7)

1.647(4)

As(2)-O(5)ii

1.708(4)

As(2)-O(1)i
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1.683(4)

Table 8.8 (cont’d) Bond Distances (Å) and Angles (deg) for CsMn3O(AsO4)2
O(7)-As(2)-O(2)
107.1(2)
O(7)-As(2)-O(5)ii
107.4(2)
O(7)-As(2)-O(1)i

115.9(2)

O(2)-As(2)-O(1)i

108.9(2)

Cs(1)-O(2)i

3.103(4)

[Cs-O] Polyhedra
Cs(1)-O(7)i

3.504(5)

Cs(1)-O(4)ii

3.124(4)

Cs(1)-O(6)i

3.676(4)

Cs(1)-O(6)

3.170(4)

Cs(1)-O(3)i

3.717(4)

Cs(1)-O(2)

3.269(4)

Cs(1)-O(5)

3.756(4)

Cs(1)-O(1)

3.340(4)

Cs(1)-O(3)iii

3.785(4)

O(2)i-Cs(1)-O(4)ii

113.1(1)

O(2)ii-Cs(1)-O(1)

48.96(9)

O(2)i-Cs(1)-O(6)

124.4(1)

O(2)i-Cs(1)-O(7)i

47.3(1)

O(4)ii-Cs(1)-O(6)

120.2(1)

O(4)ii-Cs(1)-O(7)i

159.4(1)

ii

i

ii

O(2)-As(2)-O(5)ii

i

108.0(2)

O(2) -Cs(1)-O(2)

130.7(1)

O(6)-Cs(1)-O(7)

77.5(1)

O(4)ii-Cs(1)-O(2)ii

63.9(1)

O(2)ii-Cs(1)-O(7)i

131.5(1)

O(6)-Cs(1)-O(2)ii

88.1(1)

O(1)-Cs(1)-O(7)i

83.1(1)

O(2)i-Cs(1)-O(1)

95.3(1)

O(2)i-Cs(1)-O(6)i

70.96(9)

O(4)ii-Cs(1)-O(1)

108.3(1)

O(4)ii-Cs(1)-O(6)i

62.66(9)

O(6)-Cs(1)-O(1)

82.5(1)

O(6)-Cs(1)-O(6)i

121.27(6)

i

O(2) -Cs(1)-O(6)

126.44(9)

O(1)-Cs(1)-O(5)

51.01(9)

O(1)-Cs(1)-O(6)i

156.18(9)

O(7)i-Cs(1)-O(5)

43.57(9)

O(7)i-Cs(1)-O(6)i

99.97(10)

O(6)i-Cs(1)-O(5)

116.67(8)

O(2)i-Cs(1)-O(3)i

49.84(9)

O(3)i-Cs(1)-O(5)

84.57(8)

O(4)ii-Cs(1)-O(3)i

63.37(9)

O(2)i-Cs(1)-O(3) ii

i

i

O(6)-Cs(1)-O(3)

ii

iii

84.1(1)

162.70(9)

O(4) -Cs(1)-O(3)

O(2) -Cs(1)-O(3)

107.56(9)

iii

O(6)-Cs(1)-O(3)

144.28(9)

O(1)-Cs(1)-O(3)i

113.19(9)

O(2)ii-Cs(1)-O(3)iii

56.25(9)

ii

i
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48.94(9)

Table 8.8 (cont’d) Bond Distances (Å) and Angles (deg) for CsMn3O(AsO4)2
72.93(9)
O(7)i-Cs(1)-O(3)i
96.55(9)
O(1)-Cs(1)-O(3)iii
O(6)i-Cs(1)-O(3)i

43.10(8)

O(7)i-Cs(1)-O(3)iii

123.25(9)

O(2)i-Cs(1)-O(5)

45.94(9)

O(6)i-Cs(1)-O(3)iii

86.03(9)

O(4)ii-Cs(1)-O(5)

131.86(9)

O(3)i-Cs(1)-O(3)iii

52.07(5)

O(6)-Cs(1)-O(5)

101.26(9)

iii

83.23(8)

O(2)ii-Cs(1)-O(5)

96.77(9)

O(5)-Cs(1)-O(3)

Symmetry transformations used to generate equivalent atoms: (i) -x+1,y+1/2,-z+1/2; (ii) x+1,y-1/2,-z+1/2; (iii) x+1,y,z; (iv) x-1,y,z; (v) x+1,-y+1/2,z+1/2 (vi) -x+2,y-1/2,-z+1/2;
(vii) -x+2,y+1/2,-z+1/2; (viii) -x+1,-y,-z; (ix) -x,-y,-z; (x) -x,-y+1,-z; (xi) -x+1,-y+1,-z;
(xii) x,y+1,z; (xiii) x,y-1,z; (xiv) x-1,-y+1/2,z-1/2.
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Results and Discussion
Structure
Figure 8.8 represents a perspective drawing of the structure of CsMn3O(AsO4)2
viewed along the b-axis. It shows the pseudo-one-dimensional channel structure where
the Cs+ cations reside. The structure of CsMn3O(AsO4)2 is built from MnO6, MnO5 and
AsO4 polyhedra. The pseudo-two-dimensional lattice is characterized by extended
[Mn3As2O9]-slab, spread over the bc plane. The parallel slabs are connected to each other
through O-As-O-Mn-O linkages only. In addition the pseudo-two-dimensional Mn-O
network is separated from each other by nonmagnetic arsenate matrix and pseudo-onedimensional channels so that the Mn-O network can be considered to be structurally
isolated.
A section of the mixed (Mn-O/As-O) slab is projected onto the ac plane as shown in
Figure 8.9a. This extended [Mn3As2O9]- slab is composed of distorted, Mn(1)- and
Mn(2)-centered oxygen square pyramids, Mn(3)-, and Mn(4)-centered oxygen
octahedral, as well as AsO4 tetrahedra. There is no Mn-O-Mn links between the
neighboring [Mn3As2O9]- slabs. In order to describe the structure properly, the mixed
(Mn-O/As-O) slab can be divided into two sections as outlined by dotted rectangles
(Figures 8.9b and 8.9c). A detailed view of the [Mn(2)/Mn(3)/Mn(4)] slab is shown in
Figure 8.9b and this slab propagates over the ab plane. This [Mn(2)/Mn(3)/Mn(4)] slab is
composed of Mn(2)O5 square pyramids, and Mn(3)O6 and Mn(4)O6 octahedra sharing
edges with each other, pivoting on µ4-oxo oxygen, O(9). As shown in Figure 8.9c,

286

corner-sharing Mn(1)O5 square pyramids and AsO4 tetrahedra form a (Mn-O/As-O)
“stripe” propagating along bc plane.
As shown in Figure 8.10a, Mn(3)O6 and Mn(4)O6 octahedra share edges with
Mn(3)…Mn(4) distances of 2.896 Å. Mn(1)O5 square pyramids are connected to Mn(2)-,
Mn(3); and Mn(4)-centered oxygen octahedra to form interesting µ4-O(9)-centered Mn4
configurations. The µ4-oxo groups lean towards each other, alternating to the right or left
of edge-shared Mn(3)/Mn(4)O6 chains. This overall arrangement results in Mn(1)-Mn(2),
Mn(1)-Mn(3), Mn(1)-Mn(4), Mn(2)-Mn(3), Mn(2)-Mn(4) and Mn(3)-Mn(4) distances of
3.56(5) Å, 3.481(1) Å, 3.669(1) Å, 3.24(2) Å, 3.09(2) Å and 2.896(1) Å, respectively,
corresponding to the edges of the O(9)Mn4 tetrahedra (Figure 8.10b). The µ4 Mn-O(9)
bond distances are Mn(1)-O, 2.197(4) Å, Mn(2)-O, 2.225(4) Å, Mn(3)-O, 1.895(4) Å,
and Mn(4)-O, 1.879(3) Å. This tetrahedral co-ordination of the central oxygen, O(9) is
also reflected in the bond angles of 107.1(1)º [Mn(1)-O(9)-Mn(2)], 116.4(2)º [Mn(1)O(9)-Mn(3)], 128.2(2)º [Mn(1)-O(9)-Mn(4)], 100.2(2)º [Mn(3)-O(9)-Mn(4)], 103.5(2)º
[Mn(2)-O(9)-Mn(3)] and 97.6(1)º [Mn(2)-O(9)-Mn(4)]. Figure 8.11 shows the overall
structure of mixed (Mn-O/As-O) slab, exhibiting the detail connectivity between the
[Mn(2)/Mn(3)/Mn(4)] slab and (Mn(1)-O/As-O) “stripes” which are arranged in an
alternating fashion.
As shown in Table 8.11, for Mn(1) and Mn(2), MnO5 square pyramids adopt bond
distances normally observed for the Mn2+ ion. The Mn(1)-O and Mn(2)-O bond distances
range from 2.05 Å to 2.22 Å, which is comparable with 2.19Å, the sum of the Shannon
crystal radii10 for a six-coordinate Mn2+ (0.97Å) and three-coordinate O2- (1.22Å). The
bond valence sum calculation,11 based on parameters for Mn2+-O, gives a bond valence
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sum of 1.93 for Mn(1) and 1.98 for Mn(2). In Mn(3), the MnO6 adopts bond distances
normally observed in the Mn3+ion. The Mn(3)-O bond distances range from 1.90 Å to
2.15 Å, and the average Mn(1)-O bond distance, 2.00 Å, is the same as the sum of the
Shannon crystal radii for a six-coordinate Mn3+ (0.78 Å) and three-coordinate O2(1.22Å). The bond valence sum calculation, based on parameters for Mn3+-O, gives a
bond valence sum of 2.91 and 3.22 for Mn(3) and Mn(4) respectively. According to bond
valance sum analysis and Shannon crystal radii calculations, it is obvious that one can
assign 2+ oxidation states for Mn(1) and Mn(2) and 3+ oxidation states for Mn(3) and
Mn(4). In addition to that based on the Wyckoff notation of 4e, 4e, 2c and 2a for Mn(1),
Mn(2), Mn(3) and Mn(4), respectively, we can write the expected charge balance
formula, Cs2Mn(II)2Mn(III) (AsO4)2.

Magnetic Susceptibility
To get a better understanding of the magnetic behavior of µ4-oxo-centered Mn4
system, magnetic susceptibility studies were performed on CsMn3O(AsO4)2 compound.
Magnetic measurements were performed on a ground crystal sample. The temperature
dependence of magnetic susceptibility for CsMn3O(AsO4)2 in an applied field of 0.5T is
shown in Figure 8.12. The temperature dependence of the magnetic susceptibility for
CsMn3O(AsO4)2 obeys the ideal Curie-Weiss type paramagnetic behavior over the range
150-300 K. According to the χ (susceptibility) versus T (temperature) plot, the material
undergoes possibly a ferri- or ferromagnetic ordering around ~25 K. This is further
supported by the significant susceptibility drop in the temperature range of 2 K to 30 K.
Additionally, when the sample was cooled, the χT curve first decreased to a minimum,
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Figure 8.8 Perspective view of the structure of CsMn3O(AsO4)2 viewed along b-axis.
The AsO4 tetrahedra and MnOx polyhedra form a pseudo one-dimensional channel
where cesium cations reside in the channel.
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(b)
(a)

(c)

Figure 8.9 (a) A section of the mixed (Mn-O/As-O) slab is projected onto the ac
plane in CsMn3O(AsO4)2. (b) [Mn(2)/Mn(3)/Mn(4)] slab is composed Mn(2)O5
square pyramid, Mn(3)O6 and Mn(4)O6 octahedra sharing edges (c) corner sharing
Mn(1)O5 square pyramids and AsO4 tetrahedra form a (Mn-O/As-O) “stripe”.
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Figure 8.10 (a) In [Mn(2)/Mn(3)/Mn(4)] slab, Mn(3)O6 and Mn(4)O6 octahedra
share edges with a Mn(3)…Mn(4) distances of 2.896 Å in CsMn3O(AsO4)2. (b) µ4O(9)-centered Mn4 tetrahedron (c) ORTEP drawing of the structure unit of the µ4oxo group. The thermal ellipsoids are drawn in 95% probability. The µ4-oxygen,
O(9), in the center of the structure unit is highlighted in red while the remaining are
in black.
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(a)

(b)

Figure 8.11 (a) An expanded view of the overall structure of mixed (Mn-O/As-O)
slab, exhibiting the detail connectivity between the [Mn(2)/Mn(3)/Mn(4)] slab and
(Mn-O/As-O) “stripes” in CsMn3O(AsO4)2 (b) The two units arranged in an
alternating fashion.
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followed by a sharp increase (inset of Figure 8.12). The subsequent increase (at~25 K) of
χT indicates that there exists some ferromagnetic contribution, possibly due to the net
magnetic moments of the Mn-O slabs in the title compound. The decrease in χT from 300
to 30 K is indicative of antiferromagnetic coupling. Weak ferromagnetism present in an
antiferromagnetic system is frequently observed in low-dimensional structures.13
The change of phase from a low-dimensional antiferromagnetically coupled to weakly
ferromagnetic state is due to spin-canting where the local spins in the ordered magnetic
state is not perfectly antiparallel and leads to a net spontaneous magnetization.14
The least-squares fit of the 150-300 K temperature region data to the Curie-Weiss
equation, χ = C/(T - θ), where C is the Curie constant, and θ is the Weiss constant yields
C = 11.9(1) emu K/mol and θ = -100(3) K. The Mn ions are in a mixed-valence state in
which each of the three t2g orbitals and two eg orbitals are singly-occupied with their
spins coupled to form a total spin S = 5/2 for Mn2+. The eg orbitals, on the other hand, are
occupied by one 3d electron in Mn3+ which is correlated with the t2g electrons to form a
total spin S = 2. The calculated Curie constant is in a good agreement with the expected
spin-only value of 11.75 emu K/mol per formula unit for two MnII (S = 5/2) and one
MnIII (S = 2), taking into account an average g value of 2. The Weiss constant is negative
over the high temperature range, indicating the dominance of antiferromagnetic
interactions.
To investigate the magnetic properties further, susceptibility measurements as a
function of the temperature were performed under the applied field of 100 Oe in zerofield-cooling (ZFC) and field-cooling (FC) conditions. As shown in Figure 8.13, there is
a divergence in the ZFC and FC curves where below 24 K, the ZFC and FC
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magnetization curves are split and above 24 K, they coincide, as the remanence and
coercivity might have vanished at high temperature.
The deviation between the susceptibility curves measured at 5000 Oe and 100 Oe,
suggests that an ordering with a significant ferromagnetic component appears at the low
temperature region. To get a better understanding of this behavior, magnetization
measurements as a function of the applied field at different temperatures were performed
in the 0-5 T range, specifically to investigate possible hysteretic effects. The field
dependence of the magnetization of CsMn3O(AsO4)2 at 2 K and 20 K is shown in Figure
8.14. The M vs. H plot at 2 K shows a magnetic hysteresis in with a coercive field, Hc =
680 Oe. It is common that the coercive field and the remnant moment increase with
decreasing temperature. Increasing the temperature of the experiment produces smaller
coercive fields since the coercive field at 20 K (Figure 8.14b) is 270 Oe. Saturation of the
magnetization was not observed in the hysteresis, so that it can be assumed that the
spontaneous magnetization derives from the spin-canted antiferromagnetism, which leads
to the imperfect cancellation of the net moments of manganese oxide network in
CsMn3O(AsO4)2.
It is better to discuss the magnetic behavior of CsMn3O(AsO4)2. and
Ba2CsRbMn7O2(AsO4)6 in terms of the structural features. When three identical metals
form trinuclear oxo-centered metal complexes, the system becomes magnetically
interesting since it provides a system to test magnetic frustration. Spin frustration occurs
when all the interactions between spin pairs cannot simultaneously have their optimal
value. This could be observed in an odd-membered ring of antiferromagnetically-coupled
spins. In the triangular µ3-oxo bridge [Mn3O] core, when all three interactions are
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Figure 8.12 Temperature dependence of magnetic susceptibility of CsMn3O(AsO4)2
at 5000 Oe. The inset shows the χT versus T plot.
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Figure 8.15 (a) Possible spin arrangement in Ba2CsRbMn7O2(AsO4)6 showing
antiferromagnetically coupled spins. (b) Possible spin arrangement CsMn3O(AsO4)2
showing a frustrated magnetic lattice. Arrows indicate spin-up and spin-down
centers.
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antiferromagnetic, there is the possibility of spin frustration if the three pairwise
interactions are the same where only two of the three spin constraints can be satisfied
simultaneously and the system is geometrically frustrated.15 It is well-established that the
µ3-oxo centered trinuclear complexes of antiferromagnetic spins are common for
transition metal ions, like Mn3+.16 However, Ba2CsRbMn7O2(AsO4)6 cannot be regarded
as a geometrically frustrated system since two fused triangles form “squares” (Figure
8.15a) where all pair wise interactions are antiferromagnetic. In CsMn3O(AsO4)2, µ4-O
atoms bridge the four manganese atoms, Mn(1), Mn(2), Mn(3) and Mn(4). Based on the
Mn-O(9)-Mn angle and Mn-Mn distances, we can assume that Mn1 and Mn4 (∠Mn(1)O(9)-Mn(4), 128.2(2); Mn1-Mn4, 3.669(1) Å) have their spin aligned in antiparallal
fashion. Similarly, Mn1 and Mn3 (∠Mn(1)-O(9)-Mn(3), 116.4(2)º ; Mn1-Mn4, 3.481(1)
Å), Mn1 and Mn2 (∠Mn(1)-O(9)-Mn(2), 107.1(1)º ; Mn1-Mn2, 3.55(5) Å) and Mn2 and
Mn3 (∠Mn(2)-O(9)-Mn(3), 103.5(2)º ; Mn2-Mn3, 3.24(2) Å) can have their spins
aligned in antiparallal fashion. However, it is obvious that now Mn3 and Mn4 have their
spins coupled ferromagnetically, meaning that only three of the four spin constraints can
be satisfied simultaneously and Mn3 or Mn4 is subjected to frustration.
In conclusion, we synthesized two new 2D mixed-valence Mn(II, III) compounds, µ3oxo Ba2CsRbMn7O2(AsO4)6 and µ4-oxo CsMn3O(AsO4)2 using a CsCl/RbCl flux at high
temperature. In both compounds, pseudo-two-dimensional manganese oxide networks are
structurally isolated by a nonmagnetic arsenate matrix. Both compounds contain two
different manganese oxidation states of 2+ and 3+. To elucidate more clearly whether the
oxidation states of the Mn ions are different, we examined more closely the coordination
environment of manganese ions and the oxidation states were assigned based on length of
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the Mn-O bonds, presence of Jahn-Teller distortion and bond valance sum analysis, and
we clearly demonstrated that the Mn ions were in a mixed valence states of Mn2+/Mn3+.
Magnetic susceptibility studies reveal an antiferromagnetic behavior with a transition
around 5 K in Ba2CsRbMn7O2(AsO4)6. CsMn3O(AsO4)2 provides a very interesting
system in the magnetochemistry of manganese based systems. The magnetic results
indicate that the signature antiferromagnetic fluctuations are, in fact, probably masked by
a spin-canting phenomenon that may led to a weak ferromagnetic state below Tc = 25 K.
However, the specific spin configurations remain unclear and to solve this matter,
neutron diffraction experiments are required.
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CHAPTER 9

SYNTHESIS, STRUCTURE AND MAGNETIC PROPERTIES OF FRESNOITE-TYPE
SOLIDS: A2MnV2O7Cl (A= Rb, Cs) and Ba2Mn1+x(MnxSi2-x)O7Cl (x = 1.4)
Introduction
Garnet (A3B2X3O12),1 perovskite (ABO3),2 pyrochlore (A2B2O7),3 and spinel
(AB2O4)4 are well-known structure types adopted by a vast number of complex oxides of
optical, electronic, and magnetic importance. In these general chemical formulae, A
represents an electropositive cation, B stands for a transition metal cation, and X is a
tetra- or pentavalent cation possessing the lowest coordination number (CN=4). Also, in
most cases, A-site cation serves as a charge reservoir, stabilizing the special oxidation
state of the B-site cation, which dictates the electronic and related properties of the
compound. While the versatility of these structures warrants the discoveries of new
compounds in a wide range of chemical systems, the general selection rule largely dwells
on the relative ratio of the ionic size and stoichiometry. In garnet (A3B2X3O12), the same
transition metal can reside in the B and X sites, but not necessarily with the same
oxidation state, to form the A3B5O12–type phases.1 The perovskite structure is probably
one of the most studied complex oxides thus far, in view of the range of technologically
important properties revealed by the adopted phases. It is worth noting that anion
substitution is possible and a handful of examples show mixed anion compounds in the
pyrochlore (A2B2O6Y, Y = F-, S2-, N3-)

5

structures.6
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and perovskite (AB(O,Y)3, Y = F, N)

The fresnoite lattice has recently emerged as a versatile complex oxide structure type.
The mineral fresnoite, Ba2TiSi2O8 (BTS), was first found in 1965 during geological
studies of sanbornit deposits in eastern Fresno County, CA.7 It crystallizes in a noncentrosymmetric (NCS) space group, P4bm, which adopts one of the 10 NCS polar
crystal classes, 4mm (C4v). The structure consists of two-dimensional sheets made up of
corner-sharing TiO5 square pyramids and Si2O7 units where the barium cations reside
between the adjacent sheets.8-9 The vertex oxygen of the TiO5 unit points into the space
not being shared with the oxyanion; thus, the fresnoite structure can hereafter be denoted
as the A2BO(X2O7) type (A = Ba2+; B = Ti4+; X = Si4+).
The A2BO(X2O7)-type compounds also exhibit rich chemistry in cation substitution,
with respect to the A, B, and X sites, as well as in anion substitution of the oxo-oxygen of
BO5 polyhedron. Some examples showing the versatility of the BTS-type phases where
barium can be substituted by strontium in Sr2TiSi2O8 (STS),10 titanium by vanadium in
Ba2VSi2O8 (BVS),11 and silicon by germanium in Ba2TiGe2O8 (BTG).12 In the A2V3O8
(A = K13, Rb14, Tl15, and NH416-17) family, both B and X sites are concomitantly occupied
by vanadium of two different oxidation states, V4+ and V5+. Monovalent A-site cations
are incorporated to keep the charge balanced. BTS, BTG, BVS and STS have attracted
much attention due to their piezoelectric and pyroelectric properties,18-22 and the A2V3O8
compound family has stimulated much interest for their low-temperature magnetic
properties.23-26
Anion substitution in the fresnoite-type solids was first discovered, as far as we know,
in the recently reported Ba2Mn(Si2O7)Cl.27 Its formula can be re-written as
Ba2MnCl(Si2O7), showing that the apical oxygen of the MnO4Cl square pyramid is
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substituted by chlorine. This compound is also the first example revealing that the B-site
cation can be substituted by a trivalent transition metal cation, Mn3+ in this case, as a
result of inclusion of the monovalent chloride salt from the reactive salt flux.
The incorporation of the chlorine anion is attributed to the inclusion of reactive
molten salt, where salt inclusion synthesis has led to the recognition of a new class of
compounds containing mixed ionic and covalent lattices that are made of all inorganic
components. These include hybrid compounds with non-centrosymmetric (NCS) metaloxide covalent lattices. The new salt-inclusion solids (SISs) have been synthesized in the
molten-salt media at temperatures ca. 100~200oC above the melting points of the
employed single or eutectic salts. The NCS compounds of this type reported thus far are
CuPO4⋅BaCl28,

Cs2Cu7(P2O7)4⋅6CsCl

(CU-9),

Cs2Cu5(P2O7)3⋅3CsCl

(CU-11),29-30

Ba6Mn4Si12O34Cl3 and Ba6Fe5Si11O34Cl3 (CU-14),31 in addition to the aforementioned
fresnoite-type compound Ba2Mn(Si2O7)Cl (CU-13).27 These structures share a common
feature in that the incorporated salt gives rise to chlorine-centered acentric secondary
building units (SBU), ClA6-xMx, thus the NCS framework. In an effort to explore new
NCS salt-inclusion solids, we have recently expanded our studies into the vanadate,32 and
non-oxide systems.33-34 The former results in a new family of NCS solids due to the
inclusion of asymmetric vanadate unit, such as the pyro-vanadate unit in
(CsX)Mn2(V2O7) (X = Cl, Br), parallel meta-vanadate chains in (AX)2Mn(VO3)2 (A/X =
Cs/Cl, Cs/Br, Rb/Cl), and orthogonal meta-vanadate chains in (ACl)2Cu(VO3)2 (A = K,
Rb, Cs).
In this chapter we discuss two vanadate phases, A2MnV2O7Cl (A= Rb , Cs), along
with a derivative of the previously discovered CU-13 phase, Ba2MnCl(Mn1.4Si0.6O7). To
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understand the origin and type of the magnetic exchange interactions in the A2MnV2O7Cl
and Ba2MnCl(Si2O7) compounds, a 2D (square-planar) magnetic model was fit to the
susceptibility data and the results of the magnetic fitting will be discussed in detail.

Synthesis and Characterization of A2MnV2O7Cl (A= Rb, Cs) and
Ba2Mn1+x(MnxSi2-x)O7Cl (x = 1.4)

Synthesis
In general, the grinding and loading of the reaction mixtures were held in a nitrogenblanketed dry box. The flux to charge (metal oxides) ratio was 3:1 by weight. The
reaction container was a silica ampoule, sealed under vacuum prior to heating. The
reaction mixture was heated/cooled in a temperature programmable box furnace. Crystals
were retrieved by washing the product with de-ionized water using suction filtration.
Single crystals of Rb2MnV2O7Cl were grown in the original reaction by employing MnO2
(0.2 mmol, Aldrich, 99+%), Mn2O3 (0.6 mmol, Aldrich, 99.999+%), MnO (1.2 mmol,
Aesar, 99.999%), V2O5 (0.6 mmol, Aldrich, 99.6+%), and BaO (1.2 mmol, Aldrich,
97+%). The eutectic flux used was 56% RbCl (Aesar, 99.8%) and 44% KCl (Aesar,
99.95%) by moles (m.p. = 738oC). The reaction mixture was heated to 600°C at 1°C min1

, dwelled for two days, heated again to 850°C at 3°C min-1, dwelled for two days, then

slowly cooled to 400°C at 0.1°C min-1 followed by furnace-cooling to room temperature.
Plate crystals of Rb2MnV2O7Cl (30 % yield) were selected for structure and magnetic
susceptibility studies. The crystalline by-products were KBa2V2O7Cl35 (20 % yield) and
Mn7O8(SiO4)36a (50 % yield). Mn7O8(SiO4) orders antiferromagnetically and below the
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Nèel temperature of TN = 93 K, this compound shows second susceptibility maximum at
1 K.36b
Single crystals of Cs2MnV2O7Cl were grown by using MnO2 (0.2 mmol, Aldrich,
99+%), Mn2O3 (0.6 mmol, Aldrich, 99.999+%), MnO (1.2 mmol, Aesar, 99.999%), V2O5
(0.6 mmol, Aldrich, 99.6+%), and BaO (1.2 mmol, Aldrich, 97+%). The eutectic flux
used was 68% CsCl (Strem, 99.9%) and 32% KCl (Aesar, 99.95%) by moles; eutectic
point = 640°C. The temperature profile was as follows: the mixture was heated to 600°C
at 1°C min-1, dwelled for two days, heated to 850°C at 3°C min-1, dwelled for two days,
then slowly cooled to 400°C at 0.1°C min-1, followed by furnace-cooling to room
temperature. Plate crystals of Cs2MnV2O7Cl (10 % yield) were isolated manually and
washed with deionized water using suction filtration. The other products were
KBa2V2O7Cl (10 % yield) and Mn7O8(SiO4) (80 % yield).
Single crystals of Ba2Mn(Mn1.4Si0.6O7)Cl were grown by using MnO2 (0.5 mmol,
Aldrich, 99+%), Mn2O3 (1.7 mmol, Aldrich, 99.999+%), MnO (3.5 mmol, Aesar,
99.999%), GeO2 (3.5 mmol, Aesar, 99.999+%), and BaO (3.5 mmol, Aldrich, 99.99+%).
The eutectic flux used was 40% BaCl2 (Aldrich, 99.9%) and 60% NaCl (Strem, 99.999%)
by moles; eutectic point = 657°C. The employed temperature profile was as follows: the
mixture was heated from room temperature to 600°C at 1°C min-1, dwelled for two days,
heated again from 600 to 750°C at 3°C min-1, dwelled for two days, then slowly cooled to
400°C at 0.1°C min-1, followed by furnace-cooling to room temperature. Cube-shaped
crystals

of

Ba2Mn(Mn1.4Si0.6O7)Cl

(50%

yield)

were

selected

for

structure

characterization. The byproducts were GeMnO3 (10% yield), Ba6Mn5Si11O34Cl3 (CU-14)
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(10% yield) and unknown polycrystalline phases. The incorporation of silicon was
incidental and is likely due to the attack of the silica ampoule by employed molten salt.
In an attempt to make A2MnV2O7Cl (A = Rb, Cs) in polycrystalline form, a
stoichiometric mixture of Mn2O3 / Rb2CO3 (or Cs2CO3) / V2O5 / RbCl (or CsCl) was
heated in a sealed quartz tube to 700°C at 3°C min-1, dwelled for two days, heated to
800°C at 1°C min-1, dwelled for three days, then furnace cooled to room temperature.
However, we were unable to make the desired compound, mainly because the reaction
mixture appeared to react with the quartz wall. Similarly, this was observed when
repeating the reaction in air using a quartz tube. In addition, we were unable to make the
desired phases even when we used an alumina crucible in the same temperature range.
Excluding carbonates, a stoichiometric mixture of Mn2O3 / RbVO3 (or RbVO3) / V2O5 /
RbCl (or CsCl) in a sealed quartz tube was heated to 550°C at 3°C min-1, isothermed for
one day, heated to 750°C at 1°C min-1, isothermed for three days, then furnace cooled to
to room temperature. None of the A2MnV2O7Cl (A = Rb, Cs) phases were formed.
Since we were able to grow crystals of Ba2Mn(Mn1.4Si0.6O7)Cl, we attempted to make
the Ba2Mn(III)(Mn2(IV)O7)Cl phase where the silicon sites are occupied by Mn4+ ions. A
stoichiometric mixture of Mn2O3 / MnO2 / BaO / BaCl2 was heated in a sealed quartz
tube to 700°C at 1°C min-1, dwelled for four days, then furnace cooled to room
temperature. However, the desired phase did not form under these conditions.

Single Crystal X-Ray Diffraction

The crystals were physically examined and selected under an optical microscope
equipped with polarizing light attachment. The data crystal was mounted on glass fiber
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with epoxy for the X-ray diffraction study. The data were collected at room temperature
on a four-circle Rigaku AFC8 diffractometer and the structures were solved by direct
method using the SHELXL-97 program37 and refined on F2 by least-squares, full-matrix
techniques. Table 9.1 reports the crystallographic data of the Rb2MnV2O7Cl. The atomic
coordinates and the thermal parameters are listed in Tables 9.2 and 9.3, respectively.
Selected bond distances and angles are listed in Table 9.4. Table 9.5 reports the
crystallographic data of the Cs2MnV2O7Cl. The atomic coordinates and the thermal
parameters are listed in Table 9.6 and 9.7, respectively. Selected bond distances and
angles are listed in Table 9.8. Table 9.9 reports the crystallographic data of the
Ba2Mn(Mn1.4Si0.6O7)Cl. Atomic coordinates and thermal parameters are listed in Tables
9.10 and 9.11, respectively. Selected bond distances and angles are listed in Table 9.12.

Magnetic Measurement
Temperature-dependent magnetic measurements of Rb2MnV2O7Cl and Cs2MnV2O7Cl
were carried out with a Quantum Design SQUID MPMS-5S magnetometer. The
measurements were taken from 2 K to 300 K in the applied field of H = 0.5 T and 0.01 T.
Selected crystals of Rb2MnV2O7Cl (1.9 mg) and Cs2MnV2O7Cl (4.5 mg) were ground
and contained in a gel capsule sample holder. The magnetic susceptibility was corrected
for the gel capsule and core diamagnetism with Pascal constants.38
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Table 9.1 Crystallographic Data for Rb2MnV2O7Cl
Chemical formula
Rb2MnV2O7Cl
Crystal color, shape

Deep brown, cubes

Crystal size (mm)

0.09 × 0.07 × 0.02

Formula weight (amu)

475.21

Space group

P4bm (No. 100)

a, Å

9.146(1)

c, Å

5.368(1)

V, Å3

449.0(1)

Z

2

ρ calcd, g/cm3

3.515

Linear abs. coeff., mm-1

1.0000-0.5679

F000

436

T, (K) of data collection

300(2)

Reflections collected

3443

Reflections unique

441

Rint /Rsigmaa

0.0571/0.1424

Parameters refined (restraints)

39(1)

Final R1/wR2b/goodness of fit (all data)

0.0596/0.1454/1.203

Largest difference peak /hole(e- / Å3 )

1.321/-0.904

a

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];

b

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0561P)2 + 8.6056P] where P = (FO2 + 2FC2)/3.

2
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Table 9.2 Atomic Coordinates and Equivalent Displacement Parameters for Rb2MnV2O7Cl
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
Rb(1)
4c
-0.1731(1)
-0.3269(1)
-0.7547(5)
0.0281(7)
Mn(1)

2a

0.0000

0.0000

0.1607(8)

0.032(1)

V(1)

4c

-0.1284(3)

-0.6284(3)

-1.2310(8)

0.036(1)

Cl(1)

2a

0.0000

0.0000

0.632(1)

0.044(2)

O(1)

8d

-0.207(2)

-0.085(2)

-1.121(3)

0.086(6)

O(2)

2b

0.0000

-0.5000

1.099(5)

0.08(1)

O(3)

4c

-0.128(2)

-0.628(2)

-1.543(3)

0.051(5)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.

Table 9.3 Anisotropic Thermal Parameters (Å2)a for Rb2MnV2O7Cl
Atom
U11
U22
U33
U23
U13

U12

Rb(1)

0.0245(7)

0.0245(7)

0.035(1)

0.0012(6)

-0.0012(6)

0.0074(6)

Mn(1)

0.028(1)

0.028(1)

0.040(2)

0.000

0.000

0.000

V(1)

0.035(1)

0.035(1)

0.038(2)

0.003(2)

0.003(2)

0.003(1)

Cl(1)

0.046(3)

0.046(3)

0.041(4)

0.000

0.000

0.000

O(1)

0.07(1)

0.12(2)

0.069(9)

0.01(1)

0.000(9)

-0.04(1)

O(2)

0.10(2)

0.10(2)

0.03(1)

0.000

0.000

-0.06(2)

O(3)

0.062(8)

0.062(8)

0.029(9)

-0.001(6)

-0.001(6)

-0.01(1)

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 9.4 Bond Distances (Å) and Angles (deg) for Rb2MnV2O7Cl
Mn(1)O4Cl Square Pyramid
Mn(1)-O(1)xiv

2.06(2)

Mn(1)-Cl(1)iv

2.837(9)

O(1)xiv-Mn(1)-O(1)xv
O(1)xiv-Mn(1)-O(1)iv

Mn(1)-Cl(1)

2.531(9)

89.38(11)

O(1)xiv-Mn(1)-Cl(1)iv

84.0(5)

168.1(10)

O(1)xiv-Mn(1)-Cl(1)

96.0(5)

VO4 Tetrahedra
V(1)-O(1)v

1.66(2)

V(1)-O(2)

1.80(1)

O(1)v-V(1)-O(1)ix

V(1)-O(3)

1.67(2)

108.0(13)

O(3)-V(1)-O(2)

113.0(11)

O(1)v-V(1)-O(3)

110.9(7)

V(1)-O(2)-V(1)x

133.9(16)

O(1)v-V(1)-O(2)

106.9(8)

[Rb-O] Polyhedra
Rb(1)-O(3)i

2.81(2)

Rb(1)-O(1)v

3.26(2)

Rb(1)-O(2)

2.904(17)

Rb(1)-O(3)iii

3.011(13)

Rb(1)-O(1)ii

2.979(18)

Rb(1)-Cl(1)

3.4463(18)

O(3)i-Rb(1)-O(2)

164.4(5)

O(3)iii-Rb(1)-O(3)iv

66.9(7)

O(3)i-Rb(1)-O(1)ii

73.7(5)

O(3)i-Rb(1)-O(1)v

119.7(3)

O(2)-Rb(1)-O(1)ii

92.4(5)

O(2)-Rb(1)-O(1)v

53.4(3)

O(1)ii-Rb(1)-O(1)

53.7(6)

O(1)ii-Rb(1)-O(1)v

55.1(5)

O(3)i-Rb(1)-O(3)iii

121.8(6)

O(1)-Rb(1)-O(1)v

96.0(5)

iii

iii

v

O(2)-Rb(1)-O(3)

70.6(4)

O(3) -Rb(1)-O(1)

115.9(4)

O(3)i-Rb(1)-O(1)vi

119.7(3)

O(3)iv-Rb(1)-O(1)v

67.2(5)
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Table 9.4 (Cont’d) Bond Distances (Å) and Angles (deg) for Rb2MnV2O7Cl
O(1)ii-Rb(1)-O(3)iii

160.9(5)

O(1)-Rb(1)-O(3)iii

116.6(5)

O(1)v-Rb(1)-O(1)vi

97.0(6)

Symmetry transformations used to generate equivalent atoms: (i) -y-1,x,z+1; (ii) -y-1/2,x-1/2,z; (iii) -x,-y-1,z+1; (iv) x,y,z+1; (v) -x-1/2,y-1/2,z; (vi)-y,x,z; (ix) y,-x-1,z; (x) -x,y-1,z; (xiv) -x,-y,z+1; (xv) y,-x,z+1.
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Table 9.5 Crystallographic Data for Cs2MnV2O7Cl
Chemical formula
Cs2MnV2O7Cl

a

Crystal color, shape

Orange, Plate

Crystal size (mm)

0.17 × 0.07 × 0.02

Formula weight (amu)

570.09

Space group

P4bm (No. 100)

a, Å

9.231(1)

c, Å

5.436(1)

V, Å3

463.2(1)

Z

2

ρ calcd, g/cm3

4.087

Linear abs. coeff., mm-1

1.0000-0.5032

F000

508

T, (K) of data collection

300(2)

Reflections collected

3677

Reflections unique

457

Rint /Rsigmaa

0.0208/0.0496

Parameters refined (restraints)

39(1)

Final R1/wR2b/goodness of fit (all data)

0.0214/0.0499/1.043

Largest difference peak /hole(e- / Å3 )

0.660/-0.457

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];
2

b

1/2

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0295P)2 + 0.6489P] where P = (FO2 + 2FC2)/3.
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Table 9.6 Atomic Coordinates and Equivalent Displacement Parameters for
Cs2MnV2O7Cl
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
Cs(1)
4c
-0.17289(3)
-0.32711(3)
-0.7545(1)
0.0257(2).
Mn(1)

2a

0.0000

0.0000

-0.1654(3)

0.0148(4)

V(1)

4c

-0.12877(9)

-0.62877(9)

-1.2292(3)

0.0158(3).

Cl(1)

2a

0.0000

0.0000

-0.6299(6)

0.0318(7)

O(1)

8d

-0.2086(5)

-0.0833(5)

-1.1131(9)

0.037(1)

O(2)

2b

0.0000

-0.5000

-1.104(2)

0.034(2).

O(3)

4c

-0.1254(7)

-0.6254(7)

-1.531(1)

0.052(2)

a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.

Table 9.7 Anisotropic Thermal Parameters (Å2)a for Cs2MnV2O7Cl
Atom
U11
U22
U33
U23
U13

U12

Cs(1)

0.0202(2)

0.0202(2)

0.0366(3)

-0.00036(19)0.0004(2)

0.0057(1)

Mn(1)

0.0098(4)

0.0098(4)

0.0249(8)

0.000

0.000

0.000

V(1)

0.0154(4)

0.0154(4)

0.0166(6)

-0.0008(5)

-0.0008(5)

-0.0001(4)

Cl(1)

0.037(1)

0.037(1)

0.022(1)

0.000

0.000

0.000

O(1)

0.018(2)

0.045(3)

0.047(3)

0.009(2)

-0.004(2)

-0.013(2)

O(2)

0.036(3)

0.036(3)

0.029(5)

0.000

0.000

-0.020(4)

O(3)

0.074(4)

0.074(4)

0.009(3)

-0.005(3)

-0.005(3)

-0.012(5)

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 9.8 Bond Distances (Å) and Angles (deg) for Cs2MnV2O7Cl
Mn(1)O4Cl Square Pyramid
Mn(1)-O(1)iv

2.093(4)

Mn(1)-Cl(1)iv

2.907(4)

O(1)iv-Mn(1)-O(1)xiv

164.4(3)

O(1)iv-Mn(1)-O(1)xv

88.95(4)

Mn(1)-Cl(1)

2.525(4)

O(1)iv-Mn(1)-Cl(1)

97.8(1)

VO4 Tetrahedra
V(1)-O(3)

1.643(7)

V(1)-O(2)

1.813(4)

V(1)-O(1)ix

1.682(4)

O(3)-V(1)-O(1)v

112.8(2)

O(1)v-V(1)-O(2)

106.4(2)

O(1)v-V(1)-O(1)ix

107.8(3)

V(1)-O(2)-V(1)x

136.1(6)

O(3)-V(1)-O(2)

110.4(4)

[Cs-O] Polyhedra
Cs(1)-O(3)i

2.899(8)

Cs(1)-O(1)v

3.254(5)

Cs(1)-O(2)

2.952(6)

Cs(1)-O(3)iii

3.041(6)

Cs(1)-O(1)ii

2.996(5)

Cs(1)-Cl(1)

3.4819(8)

O(3)i-Cs(1)-O(2)

164.6(2)

O(2)-Cs(1)-O(1)v

53.33(9)

O(3)i-Cs(1)-O(1)ii

73.7(2)

O(1)ii-Cs(1)-O(1)v

55.8(1)

O(2)-Cs(1)-O(1)ii

92.6(1)

O(1)-Cs(1)-O(1)v

96.84(1)

O(1)ii-Cs(1)-O(1)

53.9(2)

O(3)iii-Cs(1)-O(1)v

116.0(1)

O(3)i-Cs(1)-O(3)iii

120.5(2)

O(3)iv-Cs(1)-O(1)v

68.2(2)

O(2)-Cs(1)-O(3)iii

71.9(2)

O(3)i-Cs(1)-O(1)v

120.1(1)

O(3) -Cs(1)-O(3)

65.2(3)

iii

O(1)-Cs(1)-O(3)

117.9(2)

O(1)ii-Cs(1)-O(3)iii

162.9(2)

O(1)v-Cs(1)-O(1)vi

97.4(2)

iii

iv
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Table 9.8 (Cont’d)Bond Distances (Å) and Angles (deg) for Cs2MnV2O7Cl
Symmetry transformations used to generate equivalent atoms: (i) -y-1,x,z+1; (ii) -y-1/2,x-1/2,z; (iii) -x,-y-1,z+1; (iv) x,y,z+1; (v) -x-1/2,y-1/2,z; (ix) y,-x-1,z; (x) -x,-y-1,z; (xiv)
-x,-y,z+1; (xv) y,-x,z+1.

Table 9.9 Crystallographic Data for Ba2Mn(Mn1.4Si0.6O7)Cl
Chemical formula
Ba2Mn(Mn1.4Si0.6O7)Cl
Crystal color, shape

Deep brown, cubes

Crystal size (mm)

0.12 × 0.12 × 0.12

Formula weight (amu)

570.84

Space group

P4bm (No. 100)

a, Å

8.537(1)

c, Å

5.461(1)
3

a

V, Å

397.9(1)

Z

2

ρ calcd, g/cm3

4.763

Linear abs. coeff., mm-1

1.0000-0.7330

F000

507

T, (K) of data collection

300(2)

Reflections collected

3173

Reflections unique

388

Rint /Rsigmaa

0.0206/0.0628

Parameters refined (restraints)

40(1)

Final R1/wR2b/goodness of fit (all data)

0.0222/0.0650/0.697

Largest difference peak /hole(e- / Å3 )

0.712/-1.036

Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ]; Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ];
2

b

1/2

R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2) ] / [Σw(Fo)2)2]} ;
w = 1 / [σ2(FO2) + (0.0720P)2 + 6.6598 P] where P = (FO2 + 2FC2)/3.
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Table 9.10 Atomic Coordinates and Equivalent Displacement Parameters for
Ba2Mn(Mn1.4Si0.6O7)Cl
Wyckoff
Atom
notation
Uiso (Å2 )a
x
y
z
Ba(1)
4c
-0.16975(4)
-0.33025(4)
-0.8731(2)
0.0117(3)
Mn(1)

0.0000

0.0000

-0.4872(5)

0.0103(5)

Mn(2)/Si(1) 4c

-0.1314(1)

-0.6314(1)

-0.3876(5)

0.0093(4)

Cl(1)

2a

0.0000

0.0000

-1.0149(7)

0.0133(8)

O(1)

8d

O0.079(1)

-0.2045(8)

-0.528(1)

0.032(2)

O(2)

4c

O-0.1276(7)

-0.6276(7)

-1.090(2)

0.013(2)

O(3)

2b

O0.0000

-0.5000

-0.509(2)

0.025(3)

a

2a

Equivalent isotropic U defined as one third of the trace of the orthogonalized Uij tensor.

Table 9.11 Anisotropic Thermal Parameters (Å2)a for Ba2Mn(Mn1.4Si0.6O7)Cl
Atom
U11
U22
U33
U23
U13
U12
Ba(1)

0.0108(3)

0.0108(3)

0.0135(4)

0.0006(3)

-0.0006(3)

0.0015(2)

Mn(1)

0.0106(7)

0.0106(7)

0.009(1)

0.000

0.000

0.000

Mn(2)/Si(1) 0.0103(5)

0.0103(5)

0.0075(9)

0.002(1)

0.002(1)

0.0029(6)

Cl(1)

0.014(1)

0.014(1)

0.013(2)

0.000

0.000

0.000

O(1)

0.064(6)

0.016(3)

0.017(4)

0.007(3)

0.002(3)

0.018(3)

O(2)

0.015(3)

0.015(3)

0.010(5)

0.002(3)

0.002(3)

-0.003(4)

O(3)

0.033(5)

0.033(5)

0.010(6)

0.000

0.000

0.001(6)

a

The anisotropic temperature factor expression is exp [-2π2( U11a2h2 + …+ 2 U12a* b*hk
+ …)].
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Table 9.12 Bond Distances (Å) and Angles (deg) for Ba2Mn(Mn1.4Si0.6O7)Cl
Mn(1)O4Cl Square Pyramid
Mn(1)-O(1)iii

1.886(7)

Mn(1)-Cl(1)viii

2.579(5)

Mn(1)-Cl(1)

2.882(5)

O(1)iii-Mn(1)-O(1)

89.20(5)

O(1)iii-Mn(1)-Cl(1)viii

96.8(2)

O(1)-Mn(1)-O(1)vi

166.4(4)

O(1)-Mn(1)-O(1)vii

89.20(5)

Mn(2)/Si(1)O4 Tetrahedra
Mn(2)-O(2)viii

1.625(8)

Si(1)ii-O(1)

1.658(6)

Mn(2)-O(1)v

1.658(6)

Si(1)xii-O(2)

1.625(8)

Mn(2)-O(3)

1.718(5)

Mn(2)-Mn(2)ii

3.173(4)

O(2)viii-Mn(2)-O(1)v
O(1)v-Mn(2)-O(1)ii

ii

Si(1) -O(3)

1.718(5)

118.3(3)

O(2)viii-Mn(2)-O(3)

111.0(6)

103.9(5)

O(1)v-Mn(2)-O(3)

101.5(4)

[Ba-O] Polyhedra
Ba(1)-O(2)i

2.719(9)

Ba(1)-O(1)

3.037(8)

Ba(1)-O(2)ii

2.824(6)

Ba(1)-O(1)iii

2.869(8)

Ba(1)-O(3)

2.857(9)

Ba(1)-Cl(1)

3.2630(11)

O(2)i-Ba(1)-O(2)

118.0(3)

O(2)-Ba(1)-O(1)

119.3(2)

O(2)-Ba(1)-O(2)ii

66.1(3)

O(2)ii-Ba(1)-O(1)

71.1(2)

O(2)i-Ba(1)-O(3)

161.7(3)

O(3)-Ba(1)-O(1)

52.5(1)

O(2)-Ba(1)-O(3)

76.8(2)

O(1)iii-Ba(1)-O(1)

53.2(2)

O(2)i-Ba(1)-O(1)iii

75.3(2)

O(1)iv-Ba(1)-O(1)

94.5(2)

O(2)-Ba(1)-O(1)iii

163.7(2)

O(2)ii-Ba(1)-O(1)iii

117.6(2)

iii

iv

iii

O(1) -Ba(1)-O(1)

54.1(3)

O(3)-Ba(1)-O(1)

88.5(2)

O(2)i-Ba(1)-O(1)

119.4(1)

O(1)-Ba(1)-O(1)v

96.3(3)
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Table 9.12 (cont’d) Bond Distances (Å) and Angles (deg) for Ba2Mn(Mn1.4Si0.6O7)Cl
O(2)ii-Ba(1)-O(1)v
119.27(18)
Symmetry transformations used to generate equivalent atoms: (i)1 -y-1,x,z; (ii) -x,-y-1,z;
(iii) y,-x,z; (iv) x-1/2,-y-1/2,z; (v) -y-1/2,-x-1/2,z; (vi) -x,-y,z; (vii) -y,x,z; (viii) x,y,z+1;
(xii) x,y,z-1.
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Results and Discussion
Structure
As shown in Figure 9.1a, the previously-reported structure of Ba2MnSi2O7Cl27
represents the general features observed in the two-dimensional structure of fresnoite
except for the replacement of epical oxygen atom in the MnO5 square pyramid by the
chorine atom. Ba2MnSi2O7Cl has a two-dimensional structure composed of Si2O7 units
and MnO4Cl square pyramids connected to each other by corner sharing to make a sheet
propagating in the ab plane and the barium cations reside between neighboring sheets.
Compared

to

Ba2MnSi2O7Cl,

Ba2Mn(Mn1.4Si0.6O7)Cl.

One

the
notable

same

structural

difference

features

between

are

found

Ba2MnSi2O7Cl

in
and

Ba2Mn(Mn1.4Si0.6O7)Cl is that the latter contains Si4+/Mn4+ mixed sites (Figure 9.1b) in
the silicon site of the former, which was evidenced by the increased cell volume, 397.9(1)
Å3 in Ba2Mn(Mn1.4Si0.6O7)Cl compared to the cell volume, 389.8(1) Å3 in
Ba2MnSi2O7Cl. In Ba2Mn(Mn1.4Si0.6O7)Cl, the silicon site is statistically occupied by
manganese (e.g., Mn(2)) and the occupancy factor was fixed at 0.7 of manganese and 0.3
of silicon. The formula Ba2Mn(Mn1.4Si0.6O7)Cl gives an average manganese oxidation
state of +3.58, presumably attributed to mixed valence between 3+ and 4+. The
Si(1)/Mn(2)-O bond distances range from 1.62 Å to 1.72 Å. The average Si(1)/Mn(2)-O
bond distance, 1.66 Å, is slightly shorter than 1.74 Å, the sum of the Shannon crystal
radii39 for a four coordinated Mn4+ (0.53 Å) and two-coordinated O2- (1.21Å), and higher
than 1.61 Å, the sum of the Shannon crystal radii for a four coordinated Si4+ (0.40 Å) and
two-coordinated O2- (1.21 Å). The bond valance sum (BVS) calculation40 for Mn(1) is
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(a)

(b)

Figure 9.1 (a) The structure of Ba2MnSi2O7Cl where MnO4Cl square pyramids
(polyhedral drawing) are interconnected by Si2O7 pyrosilicate groups (polyhedral
drawing). Two-dimensional structure characterized by MnSi2O7Cl sheets stacked
between barium atom layers (b) The corresponding structure of
Ba2Mn(Mn1.4Si0.6O7)Cl containing mixed Si4+/Mn4+ sites. MnO4Cl square pyramids
(polyhedral drawing) share corners with (Si/Mn)2O7 groups (ball and stick drawing).
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+3.14, including the Mn-Cl bond, vs. +2.84 excluding the Mn-Cl bond. As far as the
Si(1)/Mn(2) mixed site is concerned, the BVS calculation give the value of 5.08 based on
the parameters for Mn4+, and 3.59 based on the parameters for Si4+. However, based on
the occupancy factors of 0.7 for manganese and 0.3 for silicon, the value of 4.62 can be
assigned to this Si(1)/Mn(2) mixed site. According to the overall formula of
Ba2Mn(Mn1.4Si0.6O7)Cl, the manganese cations should adopt a mixed-valence state where
Mn(1) is Mn3+ and Mn(2) is Mn4+ to balance the overall charge so that
Ba2Mn(Mn1.4Si0.6O7)Cl can be formulated as Ba2MnIII(MnIV1.4Si0.6O7)Cl. Had the
Si(1)/Mn(2) site been occupied by Mn4+ only, this compound could have been more
interesting mainly because this would be a system with delocalized electrons in a layered
Mn-O network.
In Ba2MnSi2O7Cl, the pyrosilicate group (Si2O7) is made up of two corner-shared
SiO4 tetrahedra in an eclipsed configuration and the observed Si-Si distance in Si2O7 is
3.116(2) Å. However, in Ba2Mn(Mn1.4Si0.6O7)Cl, the separation between the tetravalent
manganese ions in the corner-shared Mn/SiO4 tetrahedra is 3.173(4) Å. This is possibly
due to electrostatic interactions in Si4+-O-Si4+ are different from those in Si4+-O-Mn4+ or
Mn4+-O-Mn4+. Nevertheless, Ba2Mn1+xMn1.4Si2-xO7)Cl represents the second example,
showing the X site of the fresnoite structure can be substituted by a TM cation other than
vanadium.
It was intriguing to isolate two other isostructural phases of the Ba2Mn(Si2O7)Cl-type,
Rb2MnV2O7Cl and Cs2MnV2O7Cl, using RbCl/KCl and CsCl/KCl fluxes, respectively.
The structure refinements show that both Rb2MnV2O7Cl and Cs2MnV2O7Cl are
isostructural with Ba2MnSi2O7Cl, and it is interesting to see that in this case, V2O7
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pyrovanadate groups play the same structural role as Si2O7 groups. The average V-O
bond distances (Table 9.4 and Table 9.8) along with the bond valence sum calculations
suggest that both compounds contain (d0) V5+ ions. In Rb2MnV2O7Cl, the average V-O
bond distance, 1.70 Å, is similar to 1.71 Å, the sum of the Shannon crystal radii. The
corresponding BVS calculation for vanadium results in a value of +5.33. In
Cs2MnV2O7Cl, the average V-O bond distance, 1.71 Å, is the same as 1.71 Å, the sum of
the Shannon crystal radii39 for a four-coordinate V5+ (0.495 Å) and three-coordinate O2(1.22 Å). In addition, the BVS calculation40 for vanadium results in a value of +5.19.
In most cases, the incorporation of cations from the flux is inevitable, and this
phenomenon has revealed the trend that appears to govern the incorporation of Rb and Cs
from RbCl and CsCl salts into the structures of Rb2MnV2O7Cl and Cs2MnV2O7Cl,
respectively. As far as the chemical formulae of Ba2Mn(Mn1.4Si0.6O7)Cl and
A2MnV2O7Cl (A = Rb, Cs) are concerned, excluding the electropositive cations, these
two formulae differ from each other by less negative charges on Cs2MnV2O7Cl (or
Rb2MnV2O7Cl) due to the pyrovanadate group. In these reactions, the less positive Cs (or
Rb) is incorporated into these structures to balance the charges, while leaving the highlypositive Ba cation to be incorporated in the KBa2V2O7Cl phase.35
It is also fascinating to notice that the alkali or alkaline-earth halide metals in
Rb2MnV2O7Cl, Cs2MnV2O7Cl and Ba2Mn(Mn1.4Si0.6O7)Cl have similar coordination
environments. In Ba2Mn(Mn1.4Si0.6O7)Cl, the barium cation resides in the gap between
the two (Mn1.4Si0.6O7) slabs with a distorted BaO8Cl2 environment as shown in Figure
9.3a. The Ba-O connectivity create a half-pentagonal/half-trigonal bipyramidal structure,
with a long Ba-O bond, 3.037(8) Å. Otherwise it forms a trigonal antiprismatic structure
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with six short Ba-O bonds, 2.719(9) - 2.869(8) Å. The average Ba-O bond distance, 2.87
Å, is slightly longer than 2.78 Å, the sum of the Shannon crystal radii for an 8-coordinate
Ba2+ (1.56 Å) and three-coordinate O2-(1.22 Å). The Ba-Cl bond distance (3.263(1) Å) is
closely comparable with 3.23 Å, the sum of the Shannon crystal radii. It is interesting to
note that, irrespective of the size of the alkali metal, similar features have been seen with
respect to the coordination environment around the alkali metal in A2MnV2O7Cl (A= Rb ,
Cs) compounds as well. In Rb2MnV2O7Cl, the rubidium cation resides in a distorted
RbO8Cl2 environment as shown in Figure 9.3b. The Rb-O bond distances range from
2.81(2) Å to 3.26(2) Å. The average Rb-O bond distance, 3.02 Å, is slightly longer than
2.99 Å, the sum of the Shannon crystal radii for an 8-coordinate Rb+ (1.75 Å) and threecoordinate O2- (1.22 Å). The Rb-Cl bond distance (3.446(2) Å) is almost the same as 3.42
Å, the sum of the sum of the Shannon crystal radii.
In Cs2MnV2O7Cl, the cesium cation resides in a distorted CsO8Cl2 environment as
shown in Figure 9.3c. The Cs-O bond distances range from 2.899(8) Å to 3.254(5) Å.
The average Cs-O bond distance (3.05 Å) is slightly shorter than 3.10 Å, the sum of the
Shannon crystal radii for 8-coordinate Cs+ (1.88 Å) and three-coordinate O2- (1.22 Å).
The Cs-Cl bond distance (3.4819(8) Å) is slightly shorter than 3.55 Å, the sum of the sum
of the Shannon crystal radii.
The separation between the manganese ions in MnO5 in these three compounds
follows certain trends with respect to the size of the electropositive cations. It is found
that the Mn-Mn distance within the 2D slab varies in accordance with the size of the
electropositive cations, but the Mn-Mn distances between the neighboring slabs follow a
different trend. In Ba2Mn(Mn1.4Si0.6O7)Cl (Figure 9.4) within the Mn(Mn1.4Si0.6O7)Cl
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Figure 9.2 The structures of A2MnV2O7Cl: (A= Rb , Cs) where MnO4Cl square
pyramids are interconnected by V2O7 pyrovanadate groups.
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(a)

(b)

(c)

Figure 9.3 (a) The local environment of the barium cation in Ba2Mn(Mn1.4Si0.6O7)Cl
where the two parallel Mn(Mn1.4Si0.6O7) slabs are cross-linked by barium cations.
BaO8 coordination geometry characterized by six short (solid lines) and two long
(dashed line) Ba-O bonds. The drawings of the RbO8Cl2 (b) and CsO8Cl2 (c)
coordination geometry. The bond distances are in Angstroms.
.
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Figure 9.4 The separation between the manganese atoms in the MnO5 square
pyramids within the 2D slab and that in the neighboring slabs in
Ba2Mn(Mn1.4Si0.6O7)Cl, Ba2MnSi2O7Cl, Cs2MnV2O7Cl and Rb2MnV2O7Cl.
.
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slab, the MnO5 square pyramids are separated from each other by 6.036 Å (Mn-Mn
distance) (6.006 Å for Ba2MnSi2O7Cl), where as in the neighboring slabs, the separation
is 5.461 Å (5.403 Å for Ba2MnSi2O7Cl). It is important to notice in these three
compounds, the corresponding separation between the MnO5 square pyramids, within the
slab, follow the expected order, Cs2MnV2O7Cl (6.528 Å) > Rb2MnV2O7Cl (6.457 Å) >
Ba2Mn(Mn1.4Si0.6O7)Cl (6.036 Å), coinciding with the size variation of the
electropositive cations Cs+ (1.88 Å) > Rb+ (1.75 Å)> Ba2+ (1.56 Å) based on the Shannon
crystal radii of eight-coordinate electropositive cations. On the other hand, the separation
between the MnO5 square pyramids in the neighboring slabs follow the order
Cs2MnV2O7Cl (5.436 Å) > Ba2MnSi2O7Cl (5.403 Å) > Rb2MnV2O7Cl (5.363 Å). The
comparisons to these separations suggest that the size of the electropositive cations play a
significant role in determining the separating distances of intra-slab manganese ions.

Magnetic Susceptibility
Magnetic studies were originally undertaken to find out if A2MnV2O7Cl possesses 2D
magnetic properties that might be derived from the manganese vanadate sheets. Magnetic
measurements were performed first on a ground crystalline sample of Rb2MnV2O7Cl.
The temperature dependence of the magnetic susceptibility in an applied field of 5000 Oe
is shown in Figure 9.5, where there exists a broad maximum around ~36 K. Beyond this
maximum, an unusual behavior is observed at low temperatures. As the temperature is
decreased, there is a substantial increase in the susceptibility accompanied by the
appearance of an upward curvature in susceptibility. Figure 9.6 shows the susceptibility
(χ) vs. temperature (T) plot at 100 Oe, where there is no considerable difference between
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the curves recorded at 100 and 5000 Oe. As shown in the inset of Figure 9.6, the
magnetic susceptibility data are plotted as χT vs. temperature (T). The entire temperature
region exhibits a gradual decrease in χT as the temperature is lowered, which indicates a
weak antiferromagnetic coupling.
The temperature dependence of the magnetic susceptibility for Cs2MnV2O7Cl was
measured in an applied field of 5000 Oe and 100 Oe. Figure 9.7 shows the temperaturedependent magnetic susceptibility of selected crystals of Cs2MnV2O7Cl measured at 5000
Oe. The susceptibility curve shows a broad susceptibility maximum around ~30 K and a
considerable susceptibility increase starting from ~45 K. In addition at 100 Oe (Figure
9.8), this susceptibility increase becomes apparent at lower field. This suggests that
around this temperature, a significant ferri or ferromagnetic transition occurs and is
proved by the distinct peak in the χT vs. temperature plot (inset of Figure 9.8). A gradual
decrease in χT is observed as the temperature is lowered to 45 K, followed by a sharp
increase in χT. The two different susceptibility curves at low temperature in different
fields (0.01 T Vs. 0.5 T) suggests that ferromagnetic coupling is suppressed by higher
field at ~35 K. These results encouraged us to perform field-dependent studies at low
temperatures. It is interesting to notice that Cs2MnV2O7Cl shows hysteresis at 2 K, as
shown in Figure 9.9, and as well as at 40 K (Figure 9.10). However this is not the first
time significant hysteresis is observed in a fresnoite type compound, since hysteresis was
first observed in Ba2Mn(Si2O7)Cl.40 Magnetization properties for Ba2Mn(Si2O7)Cl were
reinvestigated, and the data show hysteresis at 2 K (Figure 9.11) up until 43 K (Figure
9.12).
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Figure 9.5 Temperature dependence of the magnetic susceptibility of Rb2MnV2O7Cl
at 5000 Oe.
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Figure 9.6 Temperature dependence of the magnetic susceptibility of Rb2MnV2O7Cl
at 100 Oe. The inset shows the χT versus T plots at 5000 and 100 Oe.
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Figure 9.7 Temperature-dependence of the magnetic susceptibility of Cs2MnV2O7Cl
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Figure 9.8 Temperature dependence of the magnetic susceptibility of Cs2MnV2O7Cl
at 100 Oe. The inset shows the χT versus T plots at 100 and 5000 Oe.
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Figure 9.9 Field dependence of magnetization measured at 2 K in Cs2MnV2O7Cl.
The inset shows a portion of hysteresis curve at lower fields.
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Figure 9.10 Field dependence of magnetization measured at 40 K in Cs2MnV2O7Cl.
The inset shows a portion of hysteresis curve at lower fields.
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Figure 9.11 Field dependence of magnetization measured at 2 K in Ba2MnSi2O7Cl.
The inset shows a portion of hysteresis curve at lower fields.
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Figure 9.12 Field dependence of magnetization measured at 43 K in Ba2MnSi2O7Cl.
The inset shows a portion of hysteresis curve at lower fields.
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Figure 9.14 (a) Susceptibility curve for Ba2MnSi2O7Cl at 5000 Oe as a function of
temperature. (b) The red line on susceptibility curve is the fit using the 2D model in
the 50-300 K region.

340

In order to gain insight into the magnetic behavior of A2MnV2O7Cl and
Ba2Mn(Si2O7)Cl, it is necessary to identify a spin lattice model that simulates their
magnetic susceptibilities. The susceptibility data were fit to the 2D model reported by
John E. Greedan et al.23 The 2D model represents the magnetic coupling over the twodimensional planes of magnetic ions. In order to simplify the situation in A2MnV2O7Cl
phases, it is assumed that the manganese ions are equally distributed over the twodimensional sheets, so that only one interaction parameter, J, is needed. J represents the
interaction constant; negative values represent antiferromagnetic coupling. The
quantitative fit of the 2D model to the experimental data from 2 to 300 K is shown in
Figure 9.13 for the A2MnV2O7Cl phase and Figure 9.14b for Ba2MnSi2O7Cl, leading to
J/k = -4.7(1) and g = 1.94(4) for Rb2MnV2O7Cl, J/k = -4.03(6) and g = 1.94(2) for
Cs2MnV2O7Cl and J/k = -8.6 (2) and g = 2.19(2) for Ba2MnSi2O7Cl (fitting in the 50-300
K temperature range). Judging from the fitting, it is clear that magnetic interactions
within the layers perpendicular to the c-axis are expected to be dominated by overall bulk
magnetic properties. The two-dimensional nature of the structure in A2MnV2O7Cl,
restricts the connectivity of magnetic ions and hence dictates the potential superexchange
pathways that can give rise to magnetic ordering. The absence of a dominating
superexchange pathway through Mn-O-Mn forces the magnetic coupling to occur
possibly through a Mn-O-O-Mn pathway.
In conclusion, three new fresnoite-type compounds, Ba2Mn(Mn1.4Si0.6O7)Cl,
Rb2MnV2O7Cl and Cs2MnV2O7Cl, have been synthesized by employing hightemperature eutectic fluxes. These compounds were found to crystallize in a tetragonal
system with a noncentrosymmetric space group P4bm. In Ba2Mn(Mn1.4Si0.6O7)Cl, the

341

silicon site is statistically occupied by a tetravalent manganese, e.g., Mn(2), and it can be
formulated as Ba2MnIIIMnIV1.4Si0.6O7Cl. It was interesting to isolate two other
isostructural

phases

of

Ba2Mn(Si2O7)Cl-type

structure,

Rb2MnV2O7Cl

and

Cs2MnV2O7Cl, by using RbCl/KCl and CsCl/KCl fluxes respectively. Magnetic studies
were originally undertaken to find out if A2MnV2O7Cl phases possess any 2D magnetic
properties that might be derived from manganese vanadate sheets. In agreement with the
fitting analysis of the magnetic susceptibility, we found that spin exchanges within the
two-dimensional

slabs

are

antiferromagnetic.

Magnetoelectrics

are

related

to

“multiferroics”, in which two or all three of the properties, ferroelectricitiy,
ferromagnetism, and ferroelasticity occur in the same phase.42 Ba2Mn(Si2O7)Cl and
Cs2MnV2O7Cl indicate that they possess ferromagnetic nature. It will be interesting to see
if these can exhibit ferroelectric properties as well, like many fresnoite compounds.
Although compounds with simultaneous ferroelectric and magnetic ordering are rare,
these fresnoite type compounds will prove to be potential candidates for these types of
materials, thus further investigations are currently in progress.
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CHAPTER 10

CONCLUSION AND FUTURE WORK
Conclusion
Given the promising features in terms of structural chemistry and magnetic properties
exhibited by the presently studied transition metal silicate/phosphate/arsenate/vanadate
compounds, it is our hope that this dissertation research has encouraged a continued
development of the magnetic nanostrures in the transition-metal-oxide-based mixedframework chemical systems. This exploratory research has primarily focused on hightemperature, solid-state synthesis, structural characterization, and physical property
studies of mainly manganese systems. We have demonstrated that, through the structure
and property correlation studies, magnetic nanostructures can be constructed in nonmolecular (extended) solids employing closed-shell, nonmagnetic polyanions. For the
manifestation of magnetochemistry of fundamental and technological interest, we have
selectively reported some of the explored chemical systems in this dissertation that
warrant a continued effort to expand the database of magnetic nanostructures of different
size, shape and geometry.
Employing molten-salt synthesis, we have been able to grow sizable single crystals
for structure and property correlation studies. In our exploratory synthesis, a new
copper(II) phosphate, Cs2Cu3P4O14 was isolated, and this interesting compound exhibits
the [Cu3O12]18- trimers made of three stacked CuO4 units interlinked by P2O7 units. In an
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attempt to study the size effects of monovalent cations on bulk magnetic properties, we
have successively prepared the Rb+-substituted analogue and examined its magnetic
properties systematically. Given the weak ferromagnetic coupling and long Cu···Cu
intercluster distance (> 4.91 Å), this compound series can be viewed as a molecular-like
quantum magnetic insulator that contains periodic arrays of TM-oxide magnetic
nanostructures. The high-temperature magnetic data indicate that the Cu-O framework
exhibits a spin-1/2 ground state adopting Curie-Weiss paramagnetic behavior. It shows
weak ferromagnetic coupling and the transition occurs at Tc = ~14 K independent of the
reduction of the intra-trimer Cu···Cu distance upon Rb+ substitution.
Salt inclusion reactions using CsCl as a flux had resulted in the first inorganic-based
genuine Mn4O4-cubane-containing compound, (Cs3Cl)[Mn4O4](AsO4)3. This compound
exhibits a composite structure of covalent and ionic components where the covalent
component contains a highly ordered Mn4O4 magnetic core. Due to the tetrahedral
symmetry adopted by the Mn4O4 cubanes, this compound has homogeneous Mn-Mn
distances (2.923 Å) with one coupling constant, J, as calculated. The spin exchange
interaction of (Cs3Cl)Mn4O4(AsO4)3 was estimated by first-principles density functional
theory total energy calculations. Since the field-dependent magnetic studies show
superparamagnetic type behavior in (Cs3Cl)[Mn4O4](AsO4)3, we assumed that magnetic
clusters can be encapsulated by insulating materials such as arsenates to achieve the
necessary quantum confinement of magnetic spin.
Employing halide-flux method, many interesting solids with fascinating structures
have been explored. This was proved by the discovery of BaRb3KMn6(PO4)6 using a
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RbCl/KCl eutectic flux system. The framework consists of hexametallic rings, [Mn6], and
due to the closed-shell, non-magnetic nature of the phosphate matrix, the encapsulated
transition metal nanostructured ring is structurally isolated. The Mn6 rings are reminiscent
of the chair conformations of a six-membered single-bonded carbon ring like
cyclohexane. Magnetic susceptibility studies reveal antiferromagnetic behavior, as
expected, with a transition around 8 K. The susceptibility above 50 K follows the CurieWeiss law with θ = -45.8(3) K indicating predominant antiferromagnetic interactions
between adjacent Mn2+ ions.
One of the most astonishing discoveries in our exploratory synthesis was a new
manganese(III) phosphate compound, Ba2Mn3O2(PO4)3 where the slow magnetization
relaxation is evident. The structure of this compound exhibits nanowires of corner-shared
MnO5/MnO6 polyhedral chains that are separated from each other by 6.112 Å with
respect to the Mn…Mn distances. The considerable separation between nanowires
suggests that the magnetic interactions between them are comparatively weak and the
dominant magnetic exchange is between Mn3+ ions within the wires. The compound
reveals unusual magnetization behavior where the hysteresis loops show steps at regular
intervals of magnetic field. These magnetization steps resemble those in SMMs that are
known for their low-temperature quantum tunneling of magnetization at extremely low
temperatures below Tc. The Tc of this compound below which the magnetization steps
were observed was as high as 10 K. The measured relaxation time is τ = 15.9 s, and the
relaxation is largely deviated from thermally activated process. Nevertheless, this
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particular compound has proven the utilities of closed-shell, nonmagnetic polyanions,
arsenate in this case, in constructing magnetic nanostructures in magnetic insulators.
It is also worth noting that, unlike in most SMMs, the hysteresis in this compound has
no steps at zero field. The nonexistence of steps at zero field is attributed to the absence
of tunneling at a zero magnetic field. This is important to magnetic materials that are to
be used for information storage that requires switching on tunneling, if and when
required, by application of a field. In the AC susceptibility experiments, the dynamics of
its magnetization relaxation were probed. Often the final proof for quantum tunneling is
associated with the temperature dependence of the relaxation time. This limit is never
reached experimentally, however, for our compound because below 2 K relaxation time,
τ, becomes extremely long, and reliable measurements, which require the temperature of
the experiment to be fixed for long time, become practically impossible with ac
measurements in the available range of frequencies.
One of the most interesting features exhibited in the inorganic chemistry of
manganese complexes probably is the ability to adopt different oxidation states of
manganese. A new manganese arsenate phase, Na3Mn7(AsO4)6, has been isolated in our
pursuit of mixed-valent Mn(II,III) systems. The formal oxidation state assignments were
confirmed by the magnetic and BVS studies suggesting that Na3Mn7(AsO4)6 is a new
addition to the mixed-valence manganese compound family. It is intriguing to notice that
Na3Mn7(AsO4)6 exhibits magnetic hysteresis with steps in the magnetization loop likely
due to metamagnetic transitions in low-dimensional magnetic networks. The presence of
interconnected manganese oxide chains together with mixed valence nature in the
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manganese oxide network might have resulted in different magnetic behavior as a
function of magnetic field in this compound.
The investigation into the mixed valance manganese(II,III) system with µ-oxo groups
has

produced

two

compounds,

µ3-oxo Ba2CsRbMn7O2(AsO4)6 and µ4-oxo

CsMn3O(AsO4)2. In both compounds, the manganese oxide networks are found in an
extended two-dimensional arrangement. The low-dimensional character of these
materials has been established by the presence of alkali and alkaline-earth cations in
between the pseudo-two-dimensional slabs. Magnetic studies were undertaken to find out
if these compounds possess any interesting magnetic properties that might be derived
from the manganese oxide slabs embedded in a nonmagnetic matrix. CsMn3O(AsO4)2
provides a very interesting system in the magnetochemistry of manganese-based system.
Magnetic results indicate that the signature of antiferromagnetic fluctuations are, in fact,
probably masked by a spin-canting phenomenon that might lead to a weak ferromagnetic
state below Tc = 25 K. Magnetic susceptibility studies reveal an antiferromagnetic
behavior with a transition around 5 K in Ba2CsRbMn7O2(AsO4)6.
A new series of fresnoite-type compounds were discovered relevant to the study of
advanced

multiferroic

materials.

Ba2Mn(Mn1.4Si0.6O7)Cl,

Rb2MnV2O7Cl,

and

Cs2MnV2O7Cl are additional members of the A2M(X2O7)Cl family. These compounds
were found to crystallize in tetragonal systems in the noncentrosymmetric space group
P4bm. The fitting analysis of the magnetic susceptibility data suggests that spin
exchanges within the two-dimensional slabs are antiferromagnetic, while Cs2MnV2O7Cl
phase, as well as a prior studied barium phase (Ba2Mn(Si2O7)Cl), revealed the presence
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of ferromagnetic properties. It will be interesting to see if these compounds exhibit
ferroelectric properties as well, like some fresnoite compounds possess.
In a final remark, single-molecular magnets (SMMs) have been found to straddle the
classical/quantum interface, displaying not just the classical property of magnetization
hysteresis but also the quantum property of quantum tunneling of the magnetization
(QTM) through the anisotropy barrier to magnetization relaxation. Recently, some
indications of QTM process were reported in very different materials, namely, the oxides,
Ho2Ti2O7, Dy2Ti2O7 and Ca3Co2O6. This observation is fascinating since achieving
quantum-mechanical effects in solids that are made of extended three-dimensional
structure is difficult to ascertain due to itinerate electrons.
We entered in this field, knowing the fact that solid consisting of electronically
confined low-dimensional magnetic nanostructure might be capable of displaying
magnetic quantum effect. We introduced closed-shell, non-magnetic oxyanions (such as
silicate, phosphate and arsenate anions) as a rigid inorganic linkers to build up a well
defined composite lattice containing periodic arrays of magnetic nanostructures. It is
interesting to notice that several compounds in this class of extended solids have shown
ferromagnetic properties in magnetic nanostructures. Particularly, one of the compounds
exhibits magnetization steps in its hysteresis loop, a phenomenon reminiscent of QTM in
molecular magnets.
These newly emerging quantum magnetic solids have paved the way for new
opportunities to study quantum effects in different class of materials. In any event, new
discoveries of this class of materials will make it possible to achieve QTM in extended
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solids that may have even an extended regime beyond what molecular magnets have
achieved, after all it is promising that these have potential to become next generation
materials for quantum computing and information storage.
Lastly, in addition to the chemical systems discussed in the previous chapters, several
new chemical systems were also discovered in this study, see Appendix I. The synthesis
and structures of these systems are discussed briefly.

Future Work
This research has once again demonstrated how fruitful the transition metal based
silicates, phosphates, arsenates and vanadates are with respect to the interesting
properties and formation of structural frameworks featuring low-dimensional chains,
layers, and oligomers. In this dissertation research, we primarily focused on the phase
formation in the temperature range of 600-900 °C. High temperatures allow for
thermodynamic control at the cost of exact control of the reaction stochiometry. Despite
all these shortcomings, exploratory studies are apparently still crucial for the discovery of
new materials. In terms of reaction conditions, it should also be worthwhile to investigate
low-temperature synthesis using lower-melting point eutectic salts and ionic liquids to
gain some contol of the phase formation with nanosized transition metal oxide
frameworks.
In our in-depth research into the mixed-valent manganese-based phosphate and
arsenate compounds, we were often limited to Mn3+ and Mn2+ -containing phases and
only one Mn4+ and Mn3+-containing system. We failed to synthesize a compound
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containing high oxidation state manganese phases. While we worked more on mixedvalent manganese-based phosphate and arsenate compounds, we should explore the
silicate systems. The average anionic charge for each oxygen anion in SiO44-, for
instance, is higher than that of PO43-, which may help stabilize higher oxidation state
transition metal cations. In addition, since silicates can exist in various forms such as
metasilicate chains or rings, in addition to SiO4 or Si2O7 units, these could also form
compounds with nano-structured magnetic clusters of entirely different form. Therefore,
these systems should be studied using different combinations of manganese oxides as
well as different fluxes.
In this work, many of the halide salts and salt mixtures were used as high-temperature
solvents; however, little is known about the possible mechanisms of these reactions or the
solvated species that form in these fluxes. The challenge still remains to understand the
correlation between the salt structure at its molten state vs. that of final compound. Using
single salts rather than mixtures may result in compounds that contain salt structure
resembling those of the molten state due to a simplified salt system. This has been
evident in (Cs3Cl)[Mn4O4](AsO4)3, where the Cs3Cl cages are more regular than other
observed salt structures of mixed cations.
In this study, we were able to find new mixed-valent compounds such as
(Cs3Cl)[Mn4O4](AsO4)3 and Ba2CsRbMn7O2(AsO4)6. Due to the mixed-valent nature, the
crystals appeared black in color. Since our ability to grow large crystals of these phases
has facilitated property characterization using oriented single crystals, it would be
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beneficial to investigate the transport properties of these “metallic looking” compounds
using the four-probe method.
In addition to focusing on the discovery of novel compounds with desired lowdimensional structures, studying the properties of known materials is also equally
important. For instance, through careful structure analysis we realized that the previously
reported Ba2Mn2Si2O9 compound1 contains structurally isolated manganese oxide dimers
that are embedded in nonmagnetic silicate matrix. The attempt to grow crystals of this
compound was successful. It is fascinating to observe that this compound exhibits
unusually high ferromagnetic transition temperature around 40 K. Furthermore, fielddependent magnetic studies reveal that this compound possesses corresponding magnetic
hysteresis at high temperature.
The magnetic studies on fresnoite-type compounds revealed that Ba2Mn(Si2O7)Cl and
Cs2MnV2O7Cl possess ferromagnetic properties. It will be interesting to see if these can
exhibit ferroelectric properties as well, as observed for several fresnoite compounds.
Although compounds with simultaneous ferroelectric and magnetic ordering are rare,
these

fresnoite-type

compounds

are

potential

multiferroic

materials.

Further

investigations should be focused on synthesizing these materials on a large scale followed
by performing the property characterization. In addition, since Ba2Mn(Si2O7)Cl and
Cs2MnV2O7Cl phases exhibit ferromagnetic transitions around 40 K, it would be
beneficial to grow crystals of the iron analogs of the abovementioned phases in order to
see whether these iron phases possess ferromagnetic transitions at higher temperatures.
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Appendix I

Synthesis and Structure of New Chemical Systems
BaMnPO4Cl, BaMnAsO4Cl and BaCuAsO4Cl

During our continuous attempts to synthesize compounds with non-centrosymmetric
(NCS) lattices, three compounds were isolated using BaCl2/NaCl eutectic flux. These
three phases crystallize in the same NCS space group, P212121 (No. 19). BaMnPO4Cl
crystallizes in an orthorhombic lattice with a = 7.412(1) Å, b = 7.941(2) Å, c = 8.784(2)
Å and V = 517.1(2) Å3; Z = 4. The structures have been refined by the least-squares
method to a final solution with R1 = 0.0245, wR2 = 0.0607 and GOF = 1.030. The
arsenate phases, BaMnAsO4Cl and BaCuAsO4Cl were also discovered. BaMnAsO4Cl
crystallizes in an orthorhombic lattice with a = 7.435(1) Å, b = 8.097(2) Å, c = 9.154(2)
Å and V = 551.1(2) Å3; Z = 4. The structures have been refined by the least-squares, fullmatrix methods to a final solution with R1 = 0.0443, wR2 = 0.0943 and GOF = 1.082.
BaCuAsO4Cl also crystallizes in an orthorhombic lattice with a = 7.343(1) Å, b =
7.956(2) Å, c = 9.044(2) Å and V = 528.4(2) Å3; Z = 4. The structure has been equally
well refined by the least-squares, full-matrix methods to a final solution with R1 = 0.0182,
wR2 = 0.0458 and GOF = 1.016. The structure of BaMnPO4Cl is briefly described in
Figure I.1.
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Synthesis of BaMnPO4Cl, BaMnAsO4Cl and BaCuAsO4Cl

Single crystals of BaMnPO4Cl were grown by using MnO2 (0.8 mmol, Aldrich,
99+%), Mn2O3 (2.4 mmol, Aldrich, 99.999+%), MnO (4.8 mmol, Aesar, 99.999%), P4O10
(1.2 mmol, Aldrich, 98+%) and BaO (2.4 mmol, Aldrich, 99.99+%). The eutectic flux
used was 40% BaCl2 (Aldrich, 99.9%) and 60% NaCl (Strem, 99.999%) by moles;
eutectic point = 657°C. The flux to charge ratio was approximately 3 : 1 by weight. The
reactants were ground in a nitrogen-blanketed dry box and the resulting mixture was
loaded into a silica ampoule, sealed under vacuum prior to heating and reaction mixture
was heated up to 665°C at 1°C min-1, isothermed for one day, heated up to 850°C at 3°C
min-1, isothermed for three days, then slowly cooled to 550°C at 0.1°C min-1 followed by
furnace-cooling to room temperature. Orange colored transparent prismatic crystals of
BaMnPO4Cl were isolated.
Single crystals of BaMnAsO4Cl were grown by using MnO2 (0.5 mmol, Aldrich,
99+%), Mn2O3 (1.7 mmol, Aldrich, 99.999+%), MnO (3.4 mmol, Aesar, 99.999%),
As2O5 (1.7 mmol, Strem, 99.9+%) and BaO (3.4 mmol, Aldrich, 99.99+%). The eutectic
flux used was 40% BaCl2 (Aldrich, 99.9%) and 60% NaCl (Strem, 99.999%) by moles;
eutectic point = 657°C. The flux to charge ratio was approximately 3 : 1 by weight. The
reactants were ground in a nitrogen-blanketed dry box and the resulting mixture was
loaded into a silica ampoule, sealed under vacuum prior to heating and reaction mixture
was heated up to 545°C at 1°C min-1, isothermed for one day, heated up to 750°C at 3°C
min-1, isothermed for two days, then slowly cooled to 400°C at 0.1°C min-1 followed by
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furnace-cooling to room temperature. Light yellow colored transparent prismatic crystals
of BaMnAsO4Cl were isolated.
Single crystals of BaCuAsO4Cl were grown by using CuO (1.8 mmol, Strem,
99.999%), As2O5 (0.9 mmol, Strem, 99.9+%) and BaO (0.9 mmol, Aldrich, 99.99+%).
The eutectic flux used was 40% BaCl2 (Aldrich, 99.9%) and 60% NaCl (Strem, 99.999%)
by moles; eutectic point = 657°C. The flux to charge ratio was approximately 3 : 1 by
weight. The reactants were ground in a nitrogen-blanketed dry box and the resulting
mixture was loaded into a silica ampoule, sealed under vacuum prior to heating and
reaction mixture was heated up to 600°C at 1°C min-1, isothermed for two day, heated up
to 750°C at 3°C min-1, isothermed for three days, then slowly cooled to 400°C at 0.1°C
min-1 followed by furnace-cooling to room temperature. Light blue transparent prismatic
crystals of BaCuAsO4Cl were isolated.

(CsCl)4Mn3(X2O7)2 , X = As, P

During our continued attempts to synthesize compounds with open-framework and
extended salt lattices, two new compounds were isolated using CsCl flux. These two
phases crystallize in the same space group, Cmcm (No. 63). (CsCl)4Mn3(As2O7)2
compound crystallizes in an orthorhombic lattice with a = 19.083(4) Å, b = 8.394(2) Å, c
= 13.827(3) Å and V = 2214.9(8) Å3; Z = 4. The structures have been refined by the leastsquares, full-matrix methods to a final solution with R1 = 0.0449, wR2 = 0.1149 and GOF
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(a)

(b)

Figure I.1 (a) Perspective view of BaMnPO4Cl along the c axis. MnO4Cl square
pyramids are connected to each other by PO4 tetrahedra (polyhedral drawing).
Barium atoms reside in the rectangular shape windows. (b) A spiral made up of
alternating MnO4 and PO4 units (polyhedral drawing) centered around the 21 screw
axis, propagating along b axis (left). The three [MnPO4]∞ spirals (wires drawing)
running along all a, b and c axis meet at a point in the unit cell (middle). [MnPO4]∞
spirals (space filling drawing) running along a, b and c axis (right). Mn-Cl bond are
eliminated for the clarity.
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= 1.220. (CsCl)4Mn3(P2O7)2 compound also crystallizes in an orthorhombic lattice with a
= 18.101(4) Å, b = 8.169(2) Å, c = 14.059(3) Å and V = 2078.9(7) Å3; Z = 4. The
structures have been refined by the least-squares, full-matrix methods to a final solution
with R1 = 0.0475, wR2 = 0.1159 and GOF = 1.145. The structure of (CsCl)4Mn3(As2O7)2
is briefly described in Figure I.2.

Synthesis of (CsCl)4Mn3(X2O7)2 , X = P, As

Black crystals of (CsCl)4Mn3(As2O7)2 were grown employing CsCl flux in a fused
silica ampoule under vacuum. MnO2 (1.66 mmol, 99+%, Aldrich), Mn2O3 (0.55 mmol,
99.999+%, Aldrich) and As2O5 (3.33 mmol, 99+%, Strem) were mixed and ground with
flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture was heated to
600°C at 1°C min-1, isothermed for two days, heated to 750°C at 1°C min-1, isothermed
for two days, then slowly cooled to 400°C at 0.1°C min-1 followed by furnace-cooling to
room temperature. Column-like crystals of (CsCl)4Mn3(As2O7)2 were retrieved upon
washing off the salt with deionized water.
Orange crystals of (CsCl)4Mn3(P2O7)2 were grown employing CsCl flux in a fused
silica ampoule under vacuum. MnO2 (0.93 mmol, 99+%, Aldrich), Mn2O3 (1.39 mmol,
99.999+%, Aldrich) and P4O10 (0.69 mmol, 99+%, Strem) were mixed and ground with
flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture was heated to
645°C at 1°C min-1, isothermed for one day, heated to 800°C at 1°C min-1, isothermed for
three days, then slowly cooled to 540°C at 0.1°C min-1 followed by furnace-cooling to
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(a)

(b)

(c)

Figure I.2 (a) Perspective view of the structure of (CsCl)4Mn3(As2O7)2 viewed along
the channels. The corner-sharing As2O7 pyrophosphate groups and MnO4 square
planer units form a one-dimensional channel structure where cesium chloride salt
lattices occupy these channels. (b) The ball-and-stick drawing of the extended salt
lattice. Each chlorine coordinates to four cesium cations. (c) Cs-Cl salt template
resides cooperatively in the channel upon the formation of Mn-P-O sublattice.
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room temperature. Needles of (CsCl)4Mn3(P2O7)2 were retrieved upon washing off the
salt with deionized water.

(CsCl)3Mn11(PO4)6
During our continued attempts to synthesize compounds with open-frameworks a new
compound was isolated using CsCl flux. This compound crystallizes in a hexagonal
lattice, P6c2 (No. 188), with a = 16.945(2) Å, c = 6.612(1) Å and V = 1644.2(5) Å3; Z =
2. The structures have been refined by the least-squares method to a final solution with R1
= 0.0664, wR2 = 0.1343 and GOF = 1.134. The structure of (CsCl)3Mn11O3(PO4)6 is
illustrated in Figure I.3.

Synthesis (CsCl)3Mn11O3(PO4)6

Golden color crystals of (CsCl)3Mn11O3(PO4)6 were grown employing CsCl flux in a
fused silica ampoule under vacuum. MnO (2.24 mmol, 99+%, Aldrich), Mn2O3 (0.69
mmol, 99.999+%, Aldrich) and P4O10 (0.69 mmol, 99+%, Strem) were mixed and ground
with flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture was
heated to 600°C at 1°C min-1, isothermed for two days, heated to 750°C at 1°C min-1,
isothermed for two days, then slowly cooled to 400°C at 0.1°C min-1 followed by
furnace-cooling to room temperature. Needle crystals of (CsCl)3Mn11O3(PO4)6 were
retrieved upon washing off the salt with deionized water.
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(a)

(b)

(c)

Figure I.3 (a) Extended structure of (CsCl)3Mn11O3(PO4)6 viewed along the c axis.
The CsCl salt resides in the channels formed by Mn-P-O framework. (b) Extended
Mn-O chains (ball and stick drawing) formed by phase sharing MnO6 antiprisms.
The chains are structurally isolated by PO4 tetrahedra (polyhedral drawing). (c)
Partial structure of pseudo-one-dimensional µ4-oxo-bridged manganese oxide chain
propagating along c axis.
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Ba14Mn6Si12O38Cl12
By employing high-temperature eutectic BaCl2/NaCl flux, a verplanckite-like, saltcontaining compound, Ba14Mn6Si12O38Cl12 was discovered. This new compound exhibits
a channel structure that consists of (Si4O12)8- metasilicate rings. This compound
crystallizes in a hexagonal lattice, P6mmm (No. 191) with a = 16.324(2) Å, c = 7.199(1)
Å and V = 1661.4(5) Å3; Z = 1. The structures have been refined by the least-squares,
full-matrix methods to a final solution with R1 = 0.0360, wR2 = 0.1172 and GOF = 0.766.
The structure of Ba14Mn6Si12O38Cl12 is described in Figure I.4.

Synthesis of Ba14Mn6Si12O38Cl12
Yellow crystals of Ba14Mn6Si12O38Cl12 were grown by employing BaCl2/NaCl flux in
a fused silica ampoule under vacuum. MnO2 (0.66 mmol, 99+%, Aldrich), MnO (3.97
mmol, 99.999+%, Alfa), Mn2O3 (1.98 mmol, 99.999+%, Aldrich), BaO (3.97 mmol,
99.99+%, Aldrich) and SiO2 (3.97 mmol, 99+%, Aldrich) were mixed and ground with
flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture was heated to
545°C at 1°C min-1, isothermed for two days, heated to 750°C at 1°C min-1, isothermed
for four days, then slowly cooled to 400°C at 0.1°C min-1 followed by furnace-cooling to
room temperature. Columnar crystals of Ba14Mn6Si12O38Cl12 were retrieved upon
washing off the salt with deionized water.
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(a)

(b)

(c)

Figure I.4 (a) Perspective view of the structure of Ba14Mn6Si12O38Cl12 viewed along
the channels. (b) Triple unit formed by square pyramidal MnO5 units, which are
joined at the common µ3-oxo oxygen atom. (c) Four-membered (Si4O12)8- ring
formed by four corner-sharing SiO4 tetrahedra.
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BaMn2(AsO4)2
During our continuous attempts to synthesize compounds with structurally isolated
manganese oxide lattices, BaMn2(AsO4)2 was isolated using RbCl flux. In this
compound, the manganese oxide network is found in an extended two-dimensional
arrangement. The compound crystallizes in a triclnic lattice, P1 (No. 2) with a =
5.798(1) Å, b = 7.093(1) Å, c = 9.818(2) Å, α = 109.75(3)°, β = 100.42(3)°, γ = 98.42(3)°
and V = 364.2(1) Å3; Z = 2. The structures have been refined by the least-squares, fullmatrix method to a final solution with R1 = 0.0383, wR2 = 0.0947and GOF = 1.129. The
structure of BaMn2(AsO4)2 is briefly described in Figure I.5.

Synthesis of BaMn2(AsO4)2
Colorless crystals of BaMn2(AsO4)2 were grown by employing RbCl flux in a fused
silica ampoule under vacuum. MnO (3.81 mmol, 99.999+%, Alfa), BaO (1.90 mmol,
99.99+%, Aldrich) and As2O5 (1.90 mmol, 99.9+%, Strem) were mixed and ground with
flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture was heated to
545°C at 1°C min-1, isothermed for two days, heated to 750°C at 1°C min-1, isothermed
for four days, then slowly cooled to 400°C at 0.1°C min-1 followed by furnace-cooling to
room temperature. Prismatic crystals of BaMn2(AsO4)2 were retrieved upon washing off
the salt with deionized water.

366

BaMnB2O5
In our attempt to search for manganese based borate compounds, by employing hightemperature eutectic CsCl/RbCl flux, a new compound, BaMnB2O5 was discovered. In
this compound, the manganese oxide network is found in an extended two-dimensional
arrangement. This compound crystallizes in a monoclinic lattice, P21/c (No. 14) with a =
8.287(2) Å, b = 8.657(2) Å, c = 6.526(1) Å, β = 92.87(3)° and V = 467.6(2) Å3; Z = 4.
The structures have been refined by the least-squares method to a final solution with R1 =
0.0254, wR2 = 0.0757 and GOF = 0.686. The structure of BaMnB2O5 is described in
Figure I.6.

Synthesis of BaMnB2O5
Light pink crystals of BaMnB2O5 were grown by employing CsCl/RbCl flux in a
fused silica ampoule under vacuum. MnO (2.74 mmol, 99.999+%, Alfa), BaO (1.37
mmol, 99.99+%, Aldrich) and B2O3 (1.37 mmol, 99.98+%, Aldrich) were mixed and
ground with flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture
was heated to 545°C at 1°C min-1, isothermed for two days, heated to 750°C at 1°C min-1,
isothermed for four days, then slowly cooled to 400°C at 0.1°C min-1 followed by
furnace-cooling to room temperature. Prismatic crystals of BaMnB2O5 were retrieved
upon washing off the salt with deionized water.
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(a)

(b)

(c)

Figure I.5 (a) Perspective view of the structure of BaMn2(AsO4)2 viewed along the a
axis. The quasi-two-dimensional lattice is characterized by [Mn2(AsO4)2]2- slabs.
The barium cation resides between the parallel slabs. (b) Mn4O18 clusters separated
from each other by AsO4 tetrahedra. The long Mn to O bonds are outlined in dashed
lines. (c) Manganese oxide network showing weekly connented Mn4O18 clusters.
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(a)

(b)

Figure I.6 (a) Perspective view of the structure of BaMnB2O5 viewed along the c
axis. The quasi-two-dimensional lattice is characterized by [MnB2O5]2- slabs. The
barium cation resides between the parallel slabs. (b) The two-dimensional
manganese oxide network formed by interconnected Mn2O8 dimers.
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BaNa2Mn(PO4)2
By employing high-temperature eutectic CsCl/RbCl flux, a new compound,
BaNa2Mn(PO4)2 was discovered. This compound crystallizes in a trigonal lattice, P3m
(No. 164) with a = 5.3720(8) Å, c = 7.095(1) Å and V = 177.31(5) Å3; Z = 1. The
structures have been refined by the least-squares, full-matrix methods to a final solution
with R1 = 0.0292, wR2 = 0.2404 and GOF = 2.521. The structure of BaNa2Mn(PO4)2 is
described in Figure I.7.

Synthesis of BaNa2Mn(PO4)2
Colorless crystals of BaNa2Mn(PO4)2 were grown by employing CsCl/RbCl flux in a
fused silica ampoule under vacuum. NaO2 (1.16 mmol, 99+%, Alfa), MnO (1.16 mmol,
99.999+%, Alfa), BaO (1.16 mmol, 99.99+%, Aldrich), and P4O10 (0.58 mmol, 99+%,
Strem) were mixed and ground with flux (1:3 by weight) in a nitrogen-blanketed drybox.
The resulting mixture was heated to 600°C at 1°C min-1, isothermed for two days, heated
to 750°C at 1°C min-1, isothermed for two days, then slowly cooled to 400°C at 0.1°C
min-1 followed by furnace-cooling to room temperature. Prysmatic crystals of
BaNa2Mn(PO4)2 were retrieved upon washing off the salt with deionized water.

Mn4(As2O5)2
By employing high-temperature eutectic CsCl/RbCl flux, a new compound,
Mn4(As2O5)2 was discovered. This compound crystallizes in a monoclinic lattice, C2/c
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(a)

(b)

Figure I.7 (a) Perspective view of the structure of BaNa2Mn(PO4)2 viewed along the
b axis. The barium atoms reside in-between MnO6 octahedra where as sodium atoms
reside in-between PO4 tetrahedra aligning along c axis. (b) Perspective view of the
structure showing MnO6 octahedra connected to each other by PO4 tetrahedra.
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(No. 15) with a = 17.767(4) Å, b = 13.328(3) Å, c = 10.181(2) Å, β = 124.77(3)° and V =
1980.4(7) Å3; Z = 8. The structures have been refined by the least-squares, full-matrix
methods to a final solution with R1 = 0.0392, wR2 = 0.0852 and GOF = 1.078. The
structure of Mn4(As2O5)2 is described in Figure I.8.

Synthesis of Mn4(As2O5)2
Light pink crystals of Mn4(As2O5)2 were grown by employing CsCl/RbCl flux in a
fused silica ampoule under vacuum. MnO (2.02 mmol, 99.999+%, Alfa), BaO (1.01
mmol, 99.99+%, Aldrich) and As2O3 (1.01 mmol, 99.995+%, Alfa) were mixed and
ground with flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture
was heated to 545°C at 1°C min-1, isothermed for two days, heated to 750°C at 1°C min-1,
isothermed for two days, then slowly cooled to 400°C at 0.1°C min-1 followed by
furnace-cooling to room temperature. Column-like crystals of Mn4(As2O5)2 were
retrieved upon washing off the salt with de-ionized water.

Cs2Mn4(PO4)2P2O7
During our continued attempts to synthesize compounds with structurally isolated
manganese oxide lattices, Cs2Mn4(PO4)2P2O7 was isolated using CsCl/RbCl flux. In this
compound, the manganese oxide network is found in an extended pseudo-twodimensional arrangement. This compound crystallizes in a monoclinic lattice, P21/c (No.
14) with a = 10.638(2) Å, b = 6.7146(13) Å, c = 10.127(2) Å, β = 98.97(3)° and

372

(a)

(b)

(c)

Figure I.8 (a) Perspective view of the structure of Mn4(As2O5)2 viewed along
channels. The structure is made up of manganese oxide polyhedra and AsO3 units.
(b) Perspective view of the structure viewed along c axis. (c) Edge-sharing and
corner-sharing manganese oxide polyhedra forming a complicated manganese oxide
network spreading over ac plane.
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(a)

(b)

Figure I.9 (a) Perspective view of the structure of Cs2Mn4(PO4)2P2O7 viewed along
the b axis. The structurally isolated pseudo-two-dimensional manganese oxide slabs
are embedded in phosphate matrix. (b) Expanded view of the partial structure of
Mn4(PO4)2P2O7. The neighboring Mn4(PO4) frameworks are connected to each other
by P2O7 units.
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V = 714.5(2) Å3; Z = 2. The structures have been refined by the least-squares, full-matrix
methods to a final solution with R1 = 0.0242, wR2 = 0.0631 and GOF = 0.198. The
structure of Cs2Mn4(PO4)2P2O7 is described in Figure I.9.

Synthesis of Cs2Mn4(PO4)2P2O7
Colorless crystals of Cs2Mn4(PO4)2P2O7 were grown by employing eutectic CsCl/RbCl
flux in a fused silica ampoule under vacuum. MnO (3.22 mmol, 99.999+%, Alfa), Mn2O3
(0.26 mmol, 99+%, Aldrich) and P4O10 (0.80 mmol, 99+%, Strem) were mixed and
ground with flux (1:3 by weight) in a nitrogen-blanketed drybox. The resulting mixture
was heated to 600°C at 1°C min-1, isothermed for two days, heated to 800°C at 1°C min-1,
isothermed for two days, then slowly cooled to 400°C at 0.1°C min-1 followed by
furnace-cooling to room temperature. Prysmatic crystals of Cs2Mn4(PO4)2P2O7 were
retrieved upon washing off the salt with deionized water.
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